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ABSTRACT
Microarray protocols were developed for sweetpotato (Ipomoea batatas (L.) Lam.) and
then used to study issues of importance in sweetpotato physiology and production. The
effect of replication number and image analysis software was compared with results
obtained by quantitative real-time PCR. The results indicated that reliable results could be
obtained using six replicates and UCSF Spot image analysis software. These
methodologies were employed to elucidate aspects of sweetpotato development,
physiology and response to virus infection. Storage root formation is the most
economically important process in sweetpotato development. Gene expression levels were
compared between fibrous and storage roots of the cultivar Jewel. Sucrose synthase, ADPglucose pyrophosphorylase, and fructokinase were up-regulated in storage roots, while
hexokinase was not differentially expressed. A variety of transcription factors were
differentially expressed as well as several auxin-related genes. The orange flesh color of
sweetpotato is due to β-carotene stored in chromoplasts of root cells. β-carotene is
important because of its role in human health. To elucidate biosynthesis and storage of βcarotene in sweetpotato roots, microarray analysis was used to investigate genes
differentially expressed between ‘White Jewel’ and ‘Jewel’ storage roots. β-carotene
content calculated for ‘Jewel’ and ‘White Jewel’ were 20.66 mg/100 g fresh weight (FW)
and 1.68 mg/100 g FW, respectively. Isopentenyl diphosphate isomerase was downregulated in ‘White Jewel’, but three other genes in the β-carotene biosynthetic pathway
were not differentially expressed. Several genes associated with chloroplasts were
differentially expressed, indicating probable differences in chromoplast development of
‘White Jewel’ and ‘Jewel. Sweet potato virus disease (SPVD) is caused by the co-infection

x

of plants with a potyvirus, Sweet potato feathery mottle virus (SPFMV), and a crinivirus,
Sweet potato chlorotic stunt virus (SPCSV). Expression analysis revealed that the number
of differentially expressed genes in plants infected with SPFMV alone and SPCSV alone
compared to virus-tested plants was only three and 14, respectively. In contrast, more than
200 genes from various functional categories were differentially expressed between virustested and SPVD-affected plants. Microarray analysis has proved to be a useful tool to
study important aspects of sweetpotato physiology and production.

xi

CHAPTER 1: INTRODUCTION
Results in this study relate to the establishment of cDNA microarray technology in
sweetpotato (Ipomoea batatas (L.) Lam.), and its subsequent application in aspects of
sweetpotato storage root development, β-carotene biosynthesis and storage, and response
to virus infection.
Sweetpotato is the 7th most important foodcrop in the world behind wheat, rice,
maize, potato, barley, and cassava and the third most economically important root crop
after potatoes and cassava (Fig. 1.1) (FAOSTAT data, 2005). In 2005, approximately 130
million metric tons (mt) were produced worldwide, of which ~82% was produced in
China. In the United States, production in 2005 was ~0.7 million mt with North Carolina
producing ~39% of total production in the USA (Fig. 1.2.A and B) (USDA NASS, 2005).
The specific origin of sweetpotato is not known, but it is generally thought to have
originated in the tropical Americas. Today sweetpotato can be found in most tropical, subtropical and temperate regions of the world (Woolfe, 1992). It is a hexaploid (2n=6x=90)
member of Convolvulaceae (Morning Glory) with extensive variation within the species.
The high number of chromosomes, in addition to their extremely small size, has made
cytogenetic studies of the species difficult. Nuclear DNA estimations range from 3.31
pg/2C (Arumuganathan & Earle, 1991) to 4.5 pg/2C (Ozias-Akins & Jarret, 1994) and
some tetraploid forms of the species are known to exist (Jarret et al., 1992; Nishiyama et
al., 1975; Ozias-Atkins and Jarret, 1994).
Despite its importance as a food source, relatively little research has been carried
out on sweetpotato at the molecular level. Several recent studies focused on the
development of molecular markers (Buteler et al., 2002; Hu et. al., 2004b) and their
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subsequent use in genetic diversity studies (Fajardo et al., 2002; Gichuki et al., 2003; Hu et
al., 2003, 2004a; Huang et al., 2002; Jarret, et al., 1992; Zhang et al., 2001, 2004),
production of genetic maps (Kriegner et al., 2003; Ukoskit and Thompson, 1997) or the
association of markers with specific traits (Mcharo et al., 2005a, 2005b; Ukoskit and
Thompson, 1997). Gene expression studies have focused on the economically important
process of storage root development (Kim et al., 2002, 2005a, 2005b; Lalusin et al., 2006;
Tanaka et al., 2005; You et al., 2003;), sucrose metabolism (Li and Zhang, 2003) and
stress response (Jang et al., 2004; Park et al., 2004). The majority of these studies
measured expression for only a few genes, and recent work (Kim et al., 2002, 2005a,
2005b; Lalusin et al., 2006) focused primarily on the isolation of MADS-box (MADS:
MCM1, AGAMOUS, DEFICIENS and SRF) genes possibly related to storage root
development.
Recent advances in molecular biology techniques now make it possible to monitor
expression of thousands of genes simultaneously using microarray technology (Schena et
al., 1995, 1996). The principles on which microarray technology is based are similar to
those of previous hybridization methods, such as southern or northern blotting. It involves
hybridization between complementary nucleotide sequences (probes) immobilized and
highly ordered on a solid surface (normally glass), and labeled DNA or RNA isolated from
the biological source of interest (target) (Lemieux et al., 1998; Southern et al., 1999).
The microarray procedure consists of the following basic steps (1) manufacturing of arrays
(2) choice of experimental design (3) isolation and labeling of RNA from targets, (4)
hybridization of targets onto array (5) array scanning (6) spot detection and quantification
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(7) background correction and normalization (8) identification of differentially expressed
genes (statistical analysis) and (9) data mining (Fig. 1.3).
There are three basic types of microarrays in general use today: (a) cDNA arrays,
(b) long oligonucleotide arrays, and (c) short oligonucleotide arrays (sometimes called
high-density arrays). The features spotted on cDNA arrays originate from previously
constructed cDNA libraries, and this was the original type of array designed by Schena et
al. (1995). Inserts are usually 0.5 - 2.0 kb in length, are amplified using the polymerase
chain reaction (PCR), and spotted on the array by mechanical micro-spotting (eg. pins) or
by inkjet nozzles (Cheung et al., 1999; Duggan et al., 1999; Schena, 2003). Depending on
the type of slide used, cDNA is crosslinked to the glass by ultaviolet radiation and baking,
or dehydration and washing with sodium borohydride (Schena, 2003). Current technology
allows deposition of 20,000 to 30,000 features (spots) on a single array (Kuhn et al., 2001).
For long oligonucleotide arrays, oligonucleotides are synthesized from sequence
information. These oligonucleotides, normally 50 to 70 bases in length, can be purchased
from companies like Operon Biotechnologies, and then spotted on arrays in a similar
fashion to cDNA arrays. Agilent Technologies supply already manufactured long
oligonucleotide arrays.
Short oligonucleotide arrays contain thousands of probes synthesized directly on
the array using photolithography. Each gene is represented by several short
oligonucleotides synthesized at different positions on the array (Lemieux et al., 1998;
Lipshutz et al., 1999). These arrays are supplied by companies like Affymetrix and
NimbleGen Systems and specialized equipment is usually required for array processing
and data analysis. Currently microarrays are available for several plant species from
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commercial companies, and other sources (Table 1.1). All research reported in this study
was conducted using custom cDNA arrays, therefore further discussion will focus on this
type of array.
Table 1.1. Plant species for which arrays or array-ready oligo sets are currently publicly
available (adapted from Rensink and Buell, 2005).
Crop
A. thaliana
Barley
Brassica
Citrus
Grape
Maize
Medicago
Pea
Peach
Populus
Potato
Rice
Soybean
Sugarcane
Tomato
Wheat

Affya

NimbleGen
b

Agilentc

Operond

x
x
x
x
x
x
x

x

x

x

Other
http://ag.arizona.edu/microarray/

x
http://www.maizearray.org/
x
x
x

x
x
x
x
x
x

x

x

http://www.tigr.org/tdb/potato/index.shtml
http://www.ricearray.org/
http://soybeangenomics.cropsci.uiuc.edu/

x

http://bti.cornell.edu/CGEP/CGEP.html

a

Affymetrix: http://www.affymetrix.com/index.affx
NimbleGen Systems Inc.: http://www.nimblegen.com/
c
Agilent Technologies: http://www.home.agilent.com/
d
Operon Biotechnologies, Inc.: http://www.operon.com/ (Array-Ready oligo sets)
b

Once arrays are available, the next step in microarray analysis is to decide on an
appropriate experimental design for the experiment. The most common experimental
design used in microarray studies is the reference design (Churchill, 2002). In a reference
design experiment, all treatments are hybridized on the array with a common reference. A
disadvantage of this type of design is that half the data generated relates to the reference,
which is usually not of experimental interest. Recently the loop design has gained
popularity in microarray experiments (Kerr and Churchill, 2001; Yang and Speed, 2002).
The main advantage of the loop design is that in many cases it requires fewer arrays than
6

the reference design. It also means that treatments that are compared can be hybridized on
the same array, in contrast to the reference design, where comparisons are done “via” the
reference. A recent study from Tempelman (2005) confirmed that loop designs are usually
more precise and powerful than reference designs. However, loop designs are inefficient
when many treatments are compared and the loss (or bad quality) of a single array in the
loop can break down the entire design (Churchill, 2002; Yang and Speed, 2002).
Another aspect of experimental design is the type and number of replicates used in
the experiment. Replicates are essential in order to apply statistical methodology to
microarray experiments. Technical replicates are defined as samples originating from the
same biological source, and serves to increase precision. Biological replicates originate
from independent biological sources and are necessary for conclusions to be valid beyond
the specific samples tested. In addition, genes can be spotted in duplicate on the array to
increase precision of the intensity measurements (Churchill, 2002).
Pooled samples are sometimes used instead of samples from individuals. This can
be beneficial when biological variability is high, and a large number of biological
replicates are easy to produce. Pooling is only valid if several pools are used per treatment
and individuals for the pools come from independent sources (different plants) (Allison et.
al., 2006; Kendziorski et al., 2005). There is no one experimental design that is appropriate
for all experiments. The design will depend on factors like the aim of the study, available
resources, variability among biological samples, etc. Often practical, rather than purely
statistical issues dictate the choice of design.
To detect target RNA after hybridization onto the array, the two treatments must by
labeled, usually with a fluorescent dye. The most common dyes used with cDNA arrays
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are cyanine 3 (Cy3) and cyanine 5 (Cy5). These dyes can either be incorporated during
reverse transcription through the use of a nucleotide directly attached to the dye, or
through the use of an aminoallyl nucleotide, which is later covalently bound to the dye.
The main advantage of the latter method is that the small size of the aminoallyl groups
allows for more efficient incorporation and leads to more uniform labeling and stronger
fluorescence. The procedure is however more complicated and labor intensive than using
nucleotides directly attached to a dye (Schena, 2003).
Once targets have been labeled they are mixed together, denatured and hybridized
onto the array. Hybridization occurs through hydrogen bond formation between
complementary nucleotide sequences. Various factors influence hybridization efficiency,
including GC content and length of targets and probes, hybridization temperature, salt
concentration and pH (Schena, 2003). Since cDNA arrays consist of targets of differing
lengths and GC contents, it is virtually impossible to find hybridization conditions that will
be optimal for each gene (Coe, 2003). The quality of hybridizations can be evaluated by
evaluating appropriate controls, and the background of the array. Most commercial array
manufacturers supply pre-optimized hybridization buffers, wash buffers and protocols for
their arrays.
Fluorescent emission is measured using a scanning confocal laser or charge
coupled device (CCD) (Coe, 2003; Schena, 2003). Image data are stored in two ‘tiff’ files,
one for each dye (often referred to as red and green intensities/channels). Spot detection
and quantification software is then used to extract quantitative data for each spot and each
dye. This process generally consists of spot localization (addressing or gridding), image
segmentation, quantification, and spot assessment (Drăghici, 2003; Qin et al., 2005).
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Numerous spot detection and quantification software packages for cDNA arrays have been
developed (Korn et al., 2004; Yang et al., 2002a). However, as yet no concensus has been
reached as to which package yields the best results (Allison et. al., 2006).
During spot detection and quantification, a value is calculated for the mean/median
spot intensity as well as for the background (array area surrounding the spot). Although
other forms of background correction exist (Smyth et al., 2005), background correction is
usually carried out by subtracting the background intensity from the spot intensity (Schena,
2003).
After background correction, the data usually requires normalization. This corrects
for differences in amount of sample labeled, labeling efficiencies, and fluorescent
detection efficiency (Drăghici, 2003; Schena, 2003). Normalization is usually applied to
log (base 2) ratios of background corrected data. For cDNA arrays, normalization is
carried out both ‘within’ and ‘between’ arrays. Intensity dependant dye bias is very
common in microarray experiments. The best way to visualize this bias is by plotting the
intensity log-ratio, M vs. the mean log intensity, A using MA-plots (Dudoit et al., 2002).
Thus, M = log2R – log2G, and A = (log2R + log2G)/2, where R and G is the red and green
intensities for each spot respectively.
The most common type of ‘within’ array normalization used to correct for intensity
dependent dye bias is LO(W)ESS (LOcally WEighted Scatterplot Smoothing) regression
(Cleveland and Devlin, 1988; Smyth and Speed, 2003). Briefly (for details see
Quackenbush, 2002), a regression line is fitted to the MA-plot and residuals are calculated
to straighten the line and center it around M = 0. The so-called print-tip LO(W)ESS
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normalization (Yang et al., 2002b) is an adaptation that allows for correction of intensity
dependent dye bias, as well as spatial variation due to the position of the spot on the array.
Normalization ‘between’ arrays is usually carried out to correct for scale
differences between arrays. The simplest scale normalization method (Smyth and Speed,
2003;Yang et al., 2001, 2002b) leads to the same median absolute deviation for all arrays,
although several other methods exist. (Yang and Thorne, 2003). No standard methodology
has been identified for array normalization, mainly because the type(s) of normalization
required is dependant on the biases present in a specific set of arrays (experiment).
Generally, decisions regarding the appropriate type of normalization are made by
inspecting diagnostic plots (e.g. MA, spatial, density and box-plots) before and after
normalization, and choosing the methods that remove obvious systemic errors (Yang and
Thorne, 2003).
The aim of the majority of microarray experiments is to identify differentially
expressed genes. However, what criteria should be used to determine differential
expression? Initially, an arbitrary fold change, for example 2-fold difference, was used.
Since fold change does not include variance estimates or confidence levels, the use of fold
change on its own is now generally regarded as inadequate (Allison et al., 2006; Cui and
Churchill, 2003).
Traditional t-tests have also been used widely in microarray analysis. The main
disadvantages of using t-tests are that the power of these tests are often low due to the
small number of replicates and that estimates of variance for individual genes are often
unstable. Various modifications of the t-test have been developed, many of them
borrowing information across genes to obtain more stable variance estimates – a procedure
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sometimes referred to as ‘variance shrinkage’ (Allison et al., 2006; Cui and Churchill,
2003; Lönnstedt, 2005). When replicate numbers are relatively small, statistical tests using
‘shrinkage’ are now considered to be the method of choice for microarray experiments
(Allison et al., 2006).
Another issue that needs to be addressed when carrying out statistical analysis of
microarray data is the problem of multiple testing. Since thousands of tests are carried out
per experiment (one for each gene), this can lead to large numbers of false positives if
traditional α-values (probability of making a type I error) are used (Table 1.2). If α = 0.05
is used, it means that one can expect five false positives for every 100 tests. In a
microarray experiment with 10,000 genes this would mean 500 false positives (Drăghici,
2003). One of two methods, family wise error rate (FWER) or false discovery rate (FDR)
is generally used to address this issue (Allison et al., 2006; Cui and Churchill, 2003),
although others exist. FWER methods such as the Bonferroni correction and Holm stepdown correction (Holm, 1979), limit the probability of making one or more type I errors
across the entire experiment, while FDR (Benjamini and Hochberg, 1995) is the proportion
of false positives in the list of differentially expressed genes. FDR methods allow a higher
number of false positives and are often the preferred method when the number of genes on
the array is very large. FWER is very stringent, but we can have high confidence that there
are no errors in a list of genes that satisfies FWER (Allison et al., 2006; Cui and Churchill,
2003).
To the biologist carrying out microarray experiments, the issues relating to
microarray data analysis might seem complicated and confusing, and indeed they are not
trivial. Fortunately, there are now numerous commercial and free software packages
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available that have been specifically designed for microarray analysis. Indeed, there are so
many software packages available that it can be a challenge in itself to choose from the
ever-increasing list of options. Biologists need to familiarize themselves with the issues
related to microarray data analysis and choose software that will fulfill the specific needs
of their experiment.
Table 1.2. The possible outcomes of hypothesis testing, where α corresponds to the
significance level. The term 1-β represents the power of the test (taken from Drăghici,
2003).
Reported by test
H0 was not rejected
H0 was rejected

True (but unknown) situation
H0 is true
H0 is false
False negative
True negatives
Type II error
Correct
β
1-α
True positives
False positives
Correct
Type I error
1-β
α

The majority of peer-reviewed journals require that researchers validate microarray
results for a small number of genes using quantitative real-time PCR (Q-RT-PCR). Q-RTPCR is considered to be the most sensitive method for RNA measurement currently
available (Souazé et al, 1996; Wong and Medrano, 2005). Q-RT-PCR is a method whereby
the increase in PCR product is measured during the PCR process (Higuchi et al., 1993).
This is accomplished by measuring the increase in florescent emission. Several fluorescent
chemistries and methodologies exist for Q-RT-PCR (Wong and Medrano, 2005), but
SYBR Green is probably the most popular for validation of microarray results. SYBR
Green emits florescence when bound to dsDNA (double stranded DNA), so as the dsDNA
increases during PCR, florescent emission increases (Wittwer et al., 1997). The relative
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amount of starting material (RNA) can be calculated from the number of cycles it takes for
the florescent emission to increase above the background florescence. The more starting
material present in a sample the fewer cycles it will take for florescent emission to cross
this threshold (Heid et al., 1996). It is estimated that Q-RT-PCR can detect differences as
low as 23% between samples (Gentle et al., 2001).
Once a list of differentially expressed genes is obtained, the next step is to assign a
biological function to the genes. There are two popular ways to do this. The first is to use
gene onthology (GO) terms to classify genes according to biological process, molecular
function, and cellular component (Ashburner et al., 2000). Several tools have been
developed to assist the biologist in using GO terms to interpret their microarray results
(Khatri and Drăghici, 2005). One drawback of the GO system is that it is very complicated
and uses thousands of terms (more than 8,000 terms exist for biological processes) (Ruepp
et al., 2004). An alternative and simpler system to use for functional classification is the
Functional Catalogue (FunCat) (Ruepp et al., 2004). FunCat uses 28 main categories in its
classification scheme and it is linked to MAtDB (Munich information center for protein
sequences Arabidopsis thaliana database) (Schoof et al., 2002), TAIR (The Arabidopsis
Information Resource) and TIGR (The Institute for Genomic Research), which is useful if
one has homologous A. thaliana protein codes for genes (e.g. from BLASTing sequences
against the TAIR protein database).
Other useful tools available to researchers include KEGG (Kyoto Encyclopedia of
Genes and Genomes) and TAIR Omics Viewer. These tools allow one to submit a list of
genes, either as EC numbers or A. thaliana protein codes that will then be mapped onto
biological pathways. Although all these resources are useful, they are somewhat limited if
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one studies unusual crops, like sweetpotato. A large amount of time and effort is needed in
order to determine the functional role of the differentially expressed genes to make sense
of the results of microarray experiments.
The majority of plant microarray experiments are still conducted on the model
plant A. thaliana. However, recently arrays have become more common for commercial
crops like rice, maize and tomato (Rensink and Buell, 2005). Microarray analysis has been
used to shed light on a variety of biological issues including plant physiology and
development (Aharoni and Vorst, 2001; Wullschleger and Difazio, 2003). The research in
this dissertation represents the first application of microarray technology in sweetpotato.
The objectives of this study include the following:
(1) Develop microarray protocols for current and future sweetpotato microarray
studies.
(2) Apply these protocols to elucidate issues of importance in sweetpotato
physiology and production. These include storage root development, β-carotene
biosynthesis and storage and the response of sweetpotato plants to virus infection.
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CHAPTER 2: THE EFFECT OF REPLICATE NUMBER AND IMAGE ANALYSIS
METHOD ON SWEETPOTATO cDNA MICROARRAY RESULTS‡*
2.1 Introduction
Microarray technology (Schena et al., 1995) is widely used today to monitor gene
expression in various organisms (for review see Goldsmith and Dhanasekaran, 2004). It is
a hybridization-based technique that makes it possible to determine the expression level of
a large number of genes simultaneously. This is important from a biological point of view
since genes and gene products do not function in isolation and a single gene’s expression
by itself is rarely very informative. Despite its frequent use, there are no universally agreed
upon standard procedures when doing microarray experiments. This can make initial
experiments on an organism especially difficult.
There are numerous sources of variation associated with microarray analysis
(Churchill, 2002; Drăghici, 2003; Spruill et al., 2002). Churchill (2002) divides these into
three levels: biological variation, technical variation and measurement error. Since most
studies are interested in detecting variation between treatment groups, replication at the
first two levels is essential in good experimental design (Churchill, 2002).
Without replication, statistical analysis of microarray data is not possible
(Churchill, 2002; Lee et al., 2000; Yang and Speed, 2002). Various factors can influence
the sample size required to get meaningful results. These include population variability,
the P-value cutoff and the fold-change one wants to detect (Wei et al., 2004). Replication
itself is at two levels, biological and technical. The former represents samples from

‡

The production of the ARCS_Sp02 array, including the cDNA libraries described in this chapter was
carried out by Bryon Sosinski, Limei He and Regina Ali from North Carolina State University, and Kornel
Burg, Joanna Jankowicz and Silvia Fluch from ARC Seibersdorf Research GmbH, Austria.
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different individuals and the later represents multiple independent RNA extractions from
the same individual. As always, the more replicates the better, but the cost of slides,
labeling procedures, etc. can be limiting.
Spot detection and quantification is an important, but often overlooked part of
microarray analysis. It generally consists of spot localization (addressing or gridding),
image segmentation, quantification, and spot assessment (Drăghici, 2003; Qin et al., 2005;
Yang et al., 2002a). Many of the sources of variation associated with measurement error,
such as grid placement, spot segmentation, etc. (Drăghici, 2003) are dependent on the
software package used for spot detection and quantification. Numerous systems are
currently available to accomplish this aspect of microarray analysis. In a comparison of
image analysis softwares, Yang et al. (2002a) found that the choice of background
adjustment method can have a large effect on results and also indicated that image
segmentation method did not affect results to the same degree. TIGR Spotfinder (Saeed et
al., 2003) is a freely available image processing software package that is part of the TM4
Microarray software suit. UCSF Spot (Jain et al., 2002) is a fully automated detection
system that reduces the time needed for quantification and is reported to yield highly
reproducible results. Both methods are currently reported in published research and it was
our aim to determine which method gives superior results for our experiment. Neither of
these methods was included in the Yang et al. (2002a) study. Korn et al. (2004) compared
UCSF Spot with GenePix (Axon Instruments, Union City, Calif), a popular commercial
package. It is not our intention to carry out a comprehensive comparison of all the
available spot detection and quantification packages, rather we compare two freely
available packages, fully aware that there are many other options available.
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Sweetpotato (Ipomoea batatas (L.) Lam.) is recognized as the 4th most important
crop in the tropics (FAO, 1993) and 7th in the world (Woolfe, 1992). Unfortunately, its
great agronomic importance has not been equated with a comparable investment in
scientific research. In order to develop procedures for sweetpotato microarray analysis it
was decided to investigate genes differentially expressed between storage and fibrous
roots. Storage root formation is the most economically important process in sweetpotato.
In early root development, colorless fibrous roots are formed. In some fibrous roots,
elongation ceases and they start to rapidly thicken and develop into storage roots. This
thickening is mainly due to cell division in the vascular cambium of the root xylem
(Wilson and Lowe, 1973). Wilson and Lowe (1973) classified sweetpotato roots into the
following three categories based on root thickness, fibrous (<2 mm), thick (2 to 5 mm) and
storage (>5 mm).
The present experiments were undertaken to determine the appropriate replicate
number, spot quantification method, and reliability of fold change data based on
quantitative reverse transcription-polymerase chain reaction (Q-RT-PCR) in sweetpotato
for a 3,072 feature cDNA microarray. Our objectives were to: (1) compare changes in
gene expression between storage and fibrous roots using four and six replicates, (2)
compare two publicly available software programs, UCSF Spot and TIGR Spotfinder, for
spot detection and quantification, and (3) validate changes in gene expression with Q-RTPCR.
2.2 Materials and Methods
2.2.1 Plant Materials
Sweetpotato (Ipomoea batatas (L.) Lam. cultivar Jewel) plants were grown in a
greenhouse from 3-leaf shoot cuttings originating from virus tested plant material. Six
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weeks after planting, fibrous roots (F) (<2 mm diameter) and storage roots (1 – 3cm
diameter) were harvested from 45 plants. Root material from 15 plants was pooled to
represent a biological replicate and three biological replicates were used for each root type.
Samples were pooled in an effort to limit the effects of biological variation. Kendziorski et
al. (2005) showed that this can be useful as long as different biological samples are used to
construct the pools, and the pools contain an appropriately large number of individuals.
2.2.2 RNA Extraction
RNA was extracted twice (technical replicates) from each of the three biological
replicates to yield six RNA samples from storage roots and six from fibrous roots. Roots
were ground with a Waring blender (Model 33BL79, Dynamics Corporation of America,
New Hartford, Conn.) cooled with dry ice, then ground with a mortar and pestle using
liquid nitrogen. Total RNA was extracted using the RNeasy Maxi Kit (Qiagen, Valencia,
Calif.) following the instructions of the manufacturer, except for replacing the RLC lysis
buffer with RLT lysis buffer. RNA was then cleaned further and eluted in a smaller
volume using the RNeasy Mini Kit (Qiagen). DNaseI digestion was carried out on the
column as recommended by manufacturer.
RNA quality and concentration were determined by running RNA on a 1%
Agarose/Ethidium bromide gel, and measuring absorption at 260 nm and 280 nm on a
spectrophotometer (GeneQuant, Pharmacia, Piscataway, N.J.).
2.2.3 RNA Labeling and Hybridization
The Institute of Genomic Research (TIGR) protocol for aminoallyl labeling of
RNA for microarrays (http://atarrays.tigr.org) was used to label 10 µg of RNA from each
sample with Cy3 or Cy5 to yield 24 labeled samples. These samples were then hybridized
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in a connected loop design (Rosa et al., 2005) (Fig. 2.1) using the Pronto hybridization kit
(Corning, NY) following the instructions of the manufacturer. A 13th array was used to
complete a smaller loop in order to investigate the effect of using four replications (8
arrays) vs. six replicates (12 arrays). Arrays 1-12 were used for the six-replicate
experiment and arrays 1-7 and 13 were used for the four replicate experiment.

Figure 2.1. The connected loop design for hybridization of sweetpotato fibrous (F) and
storage (R) root samples. Samples connected with arrows were hybridized on the same
array and the filled circle end indicates labeling with Cy3 while the arrow point indicates
labeling with Cy5. The numbers next to the arrows represent the 13 arrays used in this
experiment.

2.2.4 cDNA Library Construction
At ARCS (Austrian Research Center Seibersdorf research GmbH) total RNA was
extracted from young sweetpotato leaves using the CSCl gradient method (Glisin et al.,
1974) and the cDNA library was constructed using the SMART PCR cDNA library
construction kit (Clontech, Palo Alto, Calif) according to the instructions of the supplier.
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The quality and length of approximately 2,000 fragments were checked on an agarose gel
after PCR amplification, and only fragments between the 400 bp and 1,200 bp range were
chosen. The plasmid was extracted from 1,104 clones using the Qiagen Plasmid extraction
kit and the forward and reverse sequencing was performed with a Big Dye Primer Cycle
Sequencing Ready Reaction Kit (Applied Biosystems, Foster City, Calif.). The cycle
sequencing products were purified with Millipore MultiScreen HV filter plates
(MAHVN4510) and sequenced on an ABI Prism 3100 capillary sequencer. Sequences
were analyzed using Sequencer software (Applied Biosystems).

The 1,104 clones

represent 608 individual genes with an average insert size of about 800bp. Sequences were
deposited in GenBank (http://www.ncbi.nlm.nih.gov/Genbank/index.html) and they were
awarded accession numbers CB329881 to CB330959.
At North Carolina State University (NCSU), a developing storage root library was
constructed from RNA isolated from the sweetpotato cultivar Beauregard selection B9414.

Primary storage roots were harvested once they had clearly differentiated

(approximately 2-3 weeks).

RNA extractions were performed by a modified CTAB

protocol (Doyle and Doyle, 1987) with a lithium chloride precipitation substituted for the
ethanol precipitation.

mRNA was isolated using a Messenger RNA Isolation Kit

(Stratagene, La Jolla, Calif.), and cDNA was synthesized using a cDNA Synthesis Kit
(Stratagene). The cDNA was directionally cloned into the Lambda ZAP-CMV vector, and
a mass excision of the primary library was performed using the manufacturer’s protocol
(Stratagene). Roughly 5,000 clones were randomly sequenced using BigDye 3.1 and an
Applied Biosystems 3700 capillary sequencer. Quality scores for the sequencing reads
were made using the phred/phrap suite (Ewing and Green, 1998), and a unigene set was
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developed using CAP3 (Huang et al., 1999) with a cutoff value of 90. Sequences were
deposited in GenBank.
2.2.5 The ARCS_Sp02 Array
cDNA inserts were amplified using the appropriate primers and purified with
Montage PCR96 filter plates (Millipore, Billerica, Mass.). Samples were evaluated using
agarose gel eletrophoresis before being spotted in a final concentration of 3XSSC and 1.5
M Betaine on Corning GAPSII slides (Corning Incorporated, Corning, N.Y.) using a
Genemachines Omnigrid microarray printer (GeneMachines, San Carlos, Calif.).
The ARCS_Sp02 array contains a total of 9,216 spotted features, consisting of
3,072 features spotted in triplicate. These include 284 control features, 1,060 features
from the ARCS leaf library and 1,728 features from the NCSU storage root library. In
order to functionally classify genes on the array according to the Gene Ontology
Consortium (Ashburner et al., 2000), all clone sequences were compared with Arabidopsis
thaliana protein sequences (http://www.arabidopsis.org/) (BLASTX E-value < 1E-5). Four
hundred and sixty clones showed no homology to known A. thaliana protein sequences.
The clones that did show homology, were annotated by biological process using GO Slim
terms developed by The Arabidopsis Information Resource (TAIR) and are graphically
represented in Figure 2.2. An explanation and description of the GO slim terms developed
by TAIR can be found at http://www.arabidopsis.org/help/helppages/go_slim_help.jsp.
2.2.6 Array Scanning and Image Quantification
All arrays were scanned using and AlphaArray Reader (Alpha Innotech, San Leandro,
Calif.). Image data for all 13 arrays were quantified using UCSF Spot (Jain et al., 2002)
and TIGR Spotfinder 2.2.3 (Saeed et al., 2003) to yield four data sets (Spot4, Spot6,
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Figure 2.2. Functional classification of the sweetpotato genes, spotted on the ARCS_Sp02
array, classified according to GO slim terms developed by TAIR. Only genes with
homology (BLASTX E-value < 1E-5) to A. thaliana protein sequences are represented in
this figure.
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Finder4 and Finder6). For UCSF Spot the composite test/reference images were used for
segmentation, while default values were used for other settings. The histogram
segmentation option was selected for TIGR Spotfinder analysis and default values for the
quality control (QC) filter. For both packages grids were manually adjusted if necessary
according to the instructions in the user’s manuals. Spots flagged by the image analysis
packages were treated as missing data in subsequent analysis.
2.2.7 Data Transformation, Normalization and Analysis
Data were log (base 2) transformed, normalized and analyzed using the Linear
Models for Microarray Data (limma) software package (Smyth, 2005). Background
intensities were subtracted from foreground intensities for the UCSF Spot data sets (TIGR
Spotfinder reports intensities after median, local background correction). Data were
normalized within arrays using LOESS and between arrays using aquantile normalization
(Smyth

and

Speed,

2003).

Triplicate

spots

were

handled

using

the

duplicateCorrelation function (Smyth et al., 2005) while the loop design and
technical replications were handled as suggested in Smyth (2005). Empirical Bayes
methods were used to determine differentially expressed genes (Smyth, 2004). Genes were
considered to be differentially expressed if the P-value was smaller than 0.01 after Holm
(1979) multiple testing correction.
2.2.8 Quantitative Reverse Transcription-Polymerase Chain Reaction (Q-RT-PCR)
Nineteen genes were selected for validation with Q-RT-PCR. The genes were
selected to ensure that they represent as much of the scatterplot distribution as possible,
while focusing on genes of interest to the authors (eg. genes involved in sucrose and starch
metabolism, and housekeeping genes) and genes with known, expected expression levels
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(eg. sporamin). Some genes were chosen specifically because they yielded different results
in the four different datasets.
The same 12 RNA samples used for microarray analysis were used for Q-RT-PCR.
First-strand cDNA synthesis for the two-step reaction was carried out using the
SuperScript III First-Strand Synthesis System for RT-PCR (Invitrogen, Carlsbad, Calif.)
following protocols supplied by the manufacturer. The resulting reaction was diluted by
adding 40 µL water and 1 µL of the dilution was used for RT-PCR on the ABI PRISM
7000 Sequence Detection System using SYBR Green PCR Master Mix (Applied
Biosystems, Foster City, Calif) and 600 nM of each primer in a final volume of 25 µL.
Primers (Table 2.1) were designed with Primer Express (version 2.0) (Applied
Biosystems) using default parameters.
Standard curves were generated for all primer pairs using a dilution series that
encompassed all sample concentrations. The efficiency of all reactions was between 90%
and 110% (slopes between –3.1 and –3.6). Q-RT-PCR reactions were carried out in
duplicate for every sample, and the average was taken for further analysis. First-step
reactions without reverse-transcriptase were used to verify that no DNA contamination
was present. Dissociation curves were inspected to detect nonspecific amplification and
data were normalized using 18S ribosomal RNA specific primers (Applied Biosystems).
Significance was determined using a t-test (variances not assumed equal) of normalized
values. Genes were considered to be differentially expressed if P <0.05.
2.3 Results
All four data sets (Spot4, Spot6, Finder4 and Finder6) were normalized using
LOESS normalization (Smyth and Speed, 2003). Control features (eg. buffer controls) on
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the array, expected to be non-differentially expressed were examined to ensure that these
had the expected approximate 1:1 ratio after normalization. The number of detected
features calculated to be differentially expressed for the four data sets varied from 792 for
Spot4 to 1037 for Finder6 (Table 2.2). By and large, the data sets with 6-replications
identified the vast majority of features identified by the 4-replication data sets, and a
number of additional features. The number of features common to different data sets is
indicated in Table 2.2.
The scatter-plot distributions of the four data sets were similar, and the fold
changes of specific features are comparable across data sets (data not shown). In order to
determine which data set yielded the best results, Q-RT-PCR was carried out on 19 genes
and results were compared with microarray results (Table 2.3). In general, all four data sets
correctly identified the direction of regulation (up or down). The single exception was
gene CB330845, but expression of this gene was not significant with Q-RT-PCR or any of
the microarray data sets.
The differences among the results from the four data sets were in their ability to
identify whether regulation was significant or not. The results from Spot6 showed the best
agreement with Q-RT-PCR results (18/19), while Spot4 had the least agreement (15/19).
The results from 6-replicate experiments are closer to that obtained with Q-RT-PCR than
the ones from 4-replicate experiments.
2.4 Discussion
Our first objective was to determine the appropriate replicate number. Our results indicate
that the six replicate data sets identify approximately 20% more differentially expressed
genes than the four replicate data sets. It has previously been suggested that three would be
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Table 2.1. Primers used for Q-RT-PCR analysis.
GenBank ID

Primers (5’ → 3’)

DV037657

Fwd
Rev
Fwd
Rev
Fwd
Rev
Fwd
Rev
Fwd
Rev
Fwd
Rev
Fwd
Rev
Fwd
Rev
Fwd
Rev
Fwd
Rev
Fwd
Rev
Fwd
Rev
Fwd
Rev
Fwd
Rev
Fwd
Rev
Fwd
Rev
Fwd
Rev
Fwd
Rev
Fwd
Rev

DV037548
DV035666
CB330696
DV037575
DV037119
DV036464
DV035127
DV035220
DV036713
CB330166
CB330823
CB330845
CB330655
CB330120
DV036043
DV037562
DV035035
CB330724

GAATCCACCGTGGTCATGG
GAGCTTGTTGGTGGCGATGT
CCCCCCTTTGTTGCTTTAGC
TGACACGCACAAACTCCCAA
GCAACCCGCTTTCTATGAGG
CAGTCCACAGGTCATGGCCT
CGCCTCATCCTCAATTATGGA
GGGAGCTGGTGATTCCTTTGT
ATGCCCTGGATCTTGGTGG
GCTTTCCCTCCCAACTGCA
AGAGTAGCGGCTGATGGAGC
AGGGTTGTGGCTAGCAGTCAA
GCGGTAAATCCTCCGAGGTT
TCGGAAACAGCCTTTGGAGA
AGTAGCAACGGCGGTCTGAT
CGCAGAGTGCGTAGTTGGG
GTGCTCATGGATCTGGAGCC
TCTGTCCGTAAGGGCCAGTC
GGTCAAGGCTGGGTTTGCT
CGGCCAACTATGCTAGGGAAT
TGGTCGCTAGGGTTGCTCTG
GAACGGGTCGTTGACTGCA
ATTGCACGACGAAGCTGATG
TCAAAGGAGAACGGGACCG
AAGGCTACAGAGGGAGGACATG
ACAGGTGCAGTTTGATCCACACT
CTGAGTCTCTCGTCATCGTCGA
CAGTGCCCGGAAAGGTCTC
CGGGTGCAAGATGTACCCAG
CGCCAAGAACAAGGGTCTCA
AGGCGAAGTGTCCCAGGTAA
CCCTGACCTCACACTGTTCGT
CGTCGTCCGTTAAGGCTAAGA
CCACCGAAAACCTTGTGCAC
GTGTTCCGACGCCGTTTCT
CCGTCTTCGTTCCAGGAGATC
GTGCAACACGGTGTTCAACAG
GCCGTTCATGACGTAGCTAAGG

an appropriate number of replicates for microarray analysis (Lee et al., 2000). Our results
are more in line with Wei et al. (2004) and Pavlidis et al. (2003) who found that fewer than
five replicates are rarely sufficient. Indeed both these studies found that more than eight
replicates are often needed to yield reliable results. Since sweetpotatoes are clonally
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propagated, and the biological replicates in our study (and probably in most cases for
studies on sweetpotatoes) are clones, one would expect that fewer replicates would be
needed, than for outbred species. Wei et al. (2004) showed that more replicates are needed
for unrelated human subjects than for inbred mice in order to obtain the same statistical
power.
It is clear that no “magic” number of replicates exists that can be applied to all
microarray experiments, but contrary to the current apparent consensus, three replicates are
probably not sufficient in most cases. Naturally, the advantage of identifying an additional
20% differentially expressed genes should be weighed against the cost and effort involved
in using more replicates. It should also be noted that the empirical Bayes method employed
by the limma package used for statistical analysis in this study is robust even for a small
number of replicates (Smyth, 2004). It is conceivable that other statistical analysis methods
may yield even larger discrepancies between the results from four replicates and six
replicates.
Our second objective was to compare spot quantification methods. UCSF Spot
performed better when six replicates were used while TIGR Spotfinder were superior for
four replicates. Although the number of genes validated with Q-RT-PCR is small, the
results from the comparison are in line with the results from Table 2.2. In the comparison
with Q-RT-PCR, the only difference between Spot4 and Finder4 is that Spot4 wrongly
identifies gene DV037119 as not significantly differentially expressed (Table 2.3). This
would seem to indicate that, overall Spot4 would identify a smaller number of
differentially expressed genes. This is indeed true and in a similar way Spot6 has one less
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false positive result (CB330823) than Finder6, and overall identifies less differentially
expressed genes than Finder6 (Table 2.2).

Table 2.2. Differentially expressed sweetpotato genes identified by the four data sets.
Diagonal numbers indicate the total number of differentially expressed genes identified for
each data set. Numbers in bold indicate the number of common genes for specific data sets.
Numbers in parentheses indicate the number of genes not shared between two data sets.
The first number is associated with data sets in rows and the second number with data sets
in columns.
Spot4a

Spot6b

Finder4c

Finder6d

Spot4a

792

787

752

783

Spot6b

(222)(5)

1009

804

957

Finder4c

(82)(40)

(29)(205)

834

826

Finder6d

(254)(9)

(80)(52)

(183)(7)

1037

a

Spot4 = 4 replicates using UCSF Spot
Spot6 = 6 replicates using UCSF Spot
c
Finder4 = 4 replicates using TIGR Spotfinder
d
Finder6 = 6 replicates using TIGR Spotfinder
b

Both UCSF Spot and TIGR Spotfinder use histogram segmentation and similar
‘median value in local square region’ background calculations (Jain et al., 2002; Saeed et
al., 2003;). UCSF Spot also replaces outliers in the background relative to the median, with
the median. It seems unlikely that the difference in performance of the two packages is due
to background adjustment as in the Yang et al. (2002a) study since both methods use
similar background adjustments. It seems more plausible that the differences between the
results from UCSF Spot and TIGR Spotfinder are due to differences in spot flagging.
TIGR Spotfinder flags include flags assigned by the QC filter, spots with higher
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background than signal, and spots not detected (low intensity) (TIGR Spotfinder manual).
In UCSF Spot, only spots deemed to be absent are flagged, leading to a very low number
of flagged spots. Overall TIGR Spotfinder flagged approximately 8% of spots, while
UCSF Spot only flagged ~0.01% of spots (data not shown). Korn et al. (2004) found that
UCSF Spot flagged 0.04% of spots and noted that compared to GenePix, UCSF Spot gave
superior results at low intensities. UCSF Spot is a particularly attractive option for spot
detection and quantification because it is an automated system and a single array can be
processes in less than 20 minutes. Our results indicate that UCSF Spot is certainly an
appropriate, and even superior, analysis method, as long as a reasonable number of
replicates are used. For a smaller number of replicates, TIGR Spotfinder may be a better
option. It is the opinion of the author that UCSF Spot software can benefit greatly from an
interface that allows for manual flagging of spots with obvious defects.
Our third objective was to validate changes in gene expression. Fold changes
calculated for all four data sets were very similar and showed good agreement with Q-RTPCR results. Since the dynamic range of Q-RT-PCR is much larger than that of
microarrays, some discrepancies are expected, especially at high fold changes, but our
results are similar to what have been found in other studies (Brinker et al., 2004; Larkin et
al., 2004; Yang et al., 2002b; Yuen et al., 2002). Interestingly, three genes commonly
considered as housekeeping genes, β-tubulin (DV035220), actin (DV036713) and GAPDH
(Glyceraldehyde-3-phosphate dehydrogenase) (CB330166) were shown to be significantly
up-regulated in storage roots. This is not surprising considering the expected increase in
cell division during the formation of storage roots, and the fact that actin (Gilliland et al.,
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Table 2.3. Comparison of results obtained for 19 genes with microarray analysis and Q-RT-PCR. Positive fold changes indicate
up-regulation in sweetpotato storage roots, while negative fold changes indicate up-regulation in fibrous roots. Numbers in bold
indicate fold changes that are statistically significant. Key genes are in italics.
GenBank
ID
DV037657
DV037548
DV035666
CB330696
DV037575
DV037119
DV036464
DV035127
DV035220
DV036713
CB330166
CB330823

Spot4a
7.66
5.34
1.97
2.51
1.32
1.46
3.24
1.73
1.57
1.95
1.70
-2.32

Spot6b
6.51
5.30
1.87
2.77
1.35
1.50
3.42
1.73
1.57
1.90
1.99
-1.83

CB330845
CB330655
CB330120
DV036043
DV037562
DV035035
CB330724

-1.03
-2.86
2.29
2.67
3.96
2.13
-2.58

1.03
-2.83
2.33
2.46
3.58
3.77
-2.67

Fold change
Finder4c Finder6d
10.47
8.92
5.54
5.80
2.06
1.97
3.20
3.62
1.31
1.37
1.78
1.80
3.87
4.01
1.97
1.93
1.56
1.61
1.94
1.92
1.90
2.42
-2.78
-2.24
1.34
-3.41
2.42
3.16
4.72
2.54
-2.98

1.55
-3.36
2.47
2.97
4.17
2.23
-3.10

Homology (BLASTX)
Description
Sporamin precursor (Ipomoea batatas)
Sucrose Synthase 1 (Craterostigma plantagineum)
Sucrose Synthase 2 (Coffea canephora)
Fructokinase (Solanum tuberosum)
Hexokinase (Nicotiana sylvestris)
Phosphoglucomutase (cytosolic) (Solanum tuberosum)
ADP-glucose pyrophosphorylase (Brassica napus)
Invertase inhibitor-like protein (Ipomoea batatas)
beta-tubulin (Oryza sativa)
Actin (Nicotiana tabacum)
GAPDH (cytosolic) (Musa acuminata)
mitogen-activated protein kinase (Lycopersicon
esculentum)
metallothionein-like type 1 protein (Ipomoea batatas)
probable glutathione-S-transferase (Capsicum annuum)
Metallothionein type 2 (Arachis hypogaea)
unknown protein (Arabidopsis thaliana)
unknown protein (Arabidopsis thaliana)
heat shock factor RHSF2 (Oryza sativa)
lipid transfer protein precursor (Davidia involucrate)

Q-RT-PCR
320.19
2.51
6.67
11.66
1.13
2.74
137.08
2.03
12.21
3.57
4.24
-1.16
-1.33
-4.55
5.04
2.22
1.60
1.69
-5.26

a

Spot4 = 4 replicates using UCSF Spot
Spot6 = 6 replicates using UCSF Spot
c
Finder4 = 4 replicates using TIGR Spotfinder
d
Finder6 = 6 replicates using TIGR Spotfinder
e
Expectation value. The lower the E value, the more significant the score.
b
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E-Valuee
4E-110
4E-97
6E-122
1E-23
1E-67
1E-84
2E-86
7E-54
5E-47
7E-113
1E-160
2E-76
3E-16
4E-36
3E-06
2E-44
1E-43
2E-47
7E-29

2002; Ringli et al., 2002) and tubulin (Hussey et al., 1990; Joyce et al., 1992) have been
implicated to play role in root development. Differential expression of these housekeeping
genes has been reported previously in plants (Iskandar et al., 2004; Kim et al., 2003;
Volkov et al., 2003) and other systems (Bas et al., 2004; Ullmannová and Haškovec, 2003;
Wong and Medrano, 2005). Our study confirms that they cannot be universally classified
as housekeeping genes. Previous studies (Bas et al., 2004; Kim et al., 2003; Ullmannová
and Haškovec, 2003) have found that 18S rRNA is often an appropriate reference gene for
Q-RT-PCR. Indeed we found that when equal amounts of total RNA were used for Q-RTPCR, no statistically significant difference could be found between 18S rRNA of fibrous
and storage roots of sweetpotato (data not shown). The underlying assumption here is that
the proportion of 18S rRNA in the total RNA is constant between treatments.
Differential expression of several genes identified by Q-RT-PCR is confirmed by
previous studies. Sporamin (DV037657) is the main storage protein found in sweetpotato
storage roots (Shewry 2003) and therefore its massive up-regulation is not unexpected.
Both Sucrose Synthase (SuSy) genes (DV037548 and DV035666) and ADP-glucose
pyrophoshorylase (AGPase) (DV036464) have been shown to be up-regulated during
storage root formation in sweetpotato (Li and Zhang 2003).
The differences among the results of the four data sets are in the significance of the
regulation. Comparison of results from Spot4 (15/19) and Finder4 (16/19) with Q-RTPCR uncovered false positive as well as false negative errors. The results from Spot6 and
Finder6 contained one and two false positives respectively and no false negatives. It is
certainly expected that more replications will lead to the identification of more
differentially expressed genes (false negatives in the 4-replication data sets are expected).
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The Holm (1979) multiple testing correction used in this study is considered very
stringent, and an even more stringent correction (Bonferroni) did not eliminate the false
positives (data not shown). On the other hand the less stringent, false-discovery rate (FDR)
(Benjamini and Hochberg, 1995) method led to even more false positives, as expected
(data not shown).
The gain in accuracy and number of differentially expressed genes identified due to
the use of more replicates have to be weighed against the additional cost and effort
involved. Our results also indicate that the spot detection and quantification system
represent another variable one must consider in developing microarray protocols. In order
to obtain the best results, all aspects of a specific experiment must be evaluated together to
determine the most appropriate method.
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CHAPTER 3: TRANSCRIPTION PROFILING OF FIBROUS AND STORAGE
ROOTS OF SWEETPOTATO USING cDNA MICROARRAYS
3.1 Introduction
Sweetpotato (Ipomoea batatas (L.) Lam.) is a hexaploid member of the
Convolvulaceae family. It is recognized as the 7th most important food crop in the world
(FAOSTAT data, 2005). It has a worldwide production of approximately 130 million
metric tons and is the 3rd most important root or tuber crop after potato and cassava
(FAOSTAT data, 2005).
The most economically important physiological process in sweetpotato production
is storage root development. Initially, white fibrous roots develop, some of these roots
subsequently undergo sudden changes in their growth pattern and develop into storage
roots. During storage root formation lignification of the stele is suppressed through the
development of vascular cambium in the parenchymatous zone between the protophloem
and protoxylem. Anomalous cambia develop around the central cell and primary xylem
elements (primary cambia) and secondary cambia are formed around secondary xylem
elements derived from the vascular cambium. Cell division and expansion in these cambia
regions lead to rapid thickening of the roots (Wilson and Lowe, 1973).
Abscisic acid (ABA) and cytokinins, particularly t-zeatin riboside (ZR) have been
implicated in storage root development in sweetpotato (Nakatani and Komeichi, 1991a;
Nakatani et al. 2002). It has been suggested that ABA is associated with activity of the
secondary cambium, after formation of the primary cambium, while ZR is associated with
the development of primary cambium. Nakatani et al. (2002) showed that the onset of
increased ZR levels was delayed in a late-storage root- forming mutant.
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Sporamin, the major storage protein in sweetpotato roots, and its targeting to the
vacuole, have been studied extensively (Hattori et al., 1990; Koide et al., 1997; Nakamura,
1992; Nakamura et al., 1991; Schroeder et al., 1993; Wang et al., 1995). Li and Zhang
(2003) made an important contribution to the understanding of sucrose metabolism in
sweetpotato storage roots with their expression analysis of sucrose synthase (SuSy), ADPglucose pyrophosphorylase (AGPase) and invertase. They showed that the SuSy pathway
was the predominant pathway for sucrose metabolism in sweetpotato. This pathway is also
the predominant pathway in sucrose metabolism in potato tubers (Fernie et al., 2002;
Geigenberger, 2003; Geigenberger and Stitt, 1991). So, although the storage organs of
potatoes and sweetpotatoes have different origins, the stolon and the root, respectively,
there are similarities between some aspects of their development. This is important since
knowledge of potato tuber development is much more advanced (Fernie and Willmitzer,
2001; Jackson, 1999) than that of sweetpotato root development.
Recently, expression studies have been used in an effort to elucidate factors
involved in storage root formation. You et al. (2003) constructed a cDNA library of earlystage sweetpotato storage roots, and identified 22 genes differentially expressed between
fibrous roots (non-storage and storage stage) and storage roots. Among these were a no
apical meristem (NAM)-like and a MADS-box (MADS: MCM1, AGAMOUS,
DEFICIENS and SRF) protein gene, both of which were down-regulated in storage roots.
Kim et al. (2002, 2005a, 2005b) also identified MADS-box genes that showed high
expression in vegetative tissue, particularly root tissue. Tanaka et al. (2005) identified ten
genes with differential expression among fibrous, thick and storage roots. One of the
genes, SRF6 encoded a receptor-like kinase with high expression around the primary
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cambium, and xylem meristem. Despite these studies, a clear understanding of storage root
development on the molecular level still remains elusive.
With the advent of microarray technology (Schena et al., 1995, 1996), it has now
become possible to examine the relative expression levels of thousand of genes
simultaneously. This makes it possible to obtain a larger overview of the genes involved in
a particular developmental process such a storage root development. Recently,
Kloosterman et al. (2005) used cDNA microarray technology to study gene expression
during tuber development in potato (Solanum tuberosum L.) in an effort to identify genes
that play a role in this process. .
In this study it is our aim to identify genes differentially expressed between fibrous
and storage roots of sweetpotato. We will attempt to single out possible candidate genes
and pathways for further study.
3.2 Materials and Methods
3.2.1 Plant Materials
Three-leaf shoot cuttings of the sweetpotato cultivar Jewel were transplanted in
pots in a temperature-controlled greenhouse. Fibrous (F) (<2 mm diameter) and storage
roots (1 – 3 cm diameter) were harvested from 45 plants, six weeks after planting (Fig.
3.1). Root material from 15 plants were pooled to form one biological replication, thus the
45 plants yielded three biological replications.
3.2.2 RNA Extractions
Root material was ground in a Waring blender (Model 33BL79, Dynamics
Corporation of America, New Hartford, Conn.) cooled with dry ice, followed by further
grinding with a mortar and pestle. Total RNA was extracted using the RNeasy Maxi Kit
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(Qiagen, Valencia, Calif.), using the RLT lysis buffer according to the instructions of the
manufacturer. RNA was purified further using the RNeasy Mini Kit (Qiagen). During both
procedures, DNaseI digestion was carried out on column as suggested by the manufacturer.
For each of the three biological replications, two RNA extractions were carried out. These
replications will be referred to as technical replications. The combination of technical and
biological replications means that a total of six fibrous root and six storage roots samples
were used for microarray analysis.

1.5 cm

S

F

Figure 3.1. Fibrous (F) and storage (S) roots of sweetpotato cultivar Jewel were harvested
six weeks after planting.
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3.2.3 Microarray Analysis
For each sample, 10 µg of total RNA was labeled according to the TIGR standard
operating

procedures

for

aminoallyl

labeling

of

RNA

for

microarrays

(http://atarrays.tigr.org). Each sample was labeled once with Cy3 and once with Cy5
fluorescent dye (Amersham Biosciences, Piscataway, N.J.). The samples were hybridized
on 12 ARCS_Sp02 arrays in a connected loop design (Rosa et al., 2005) using the Pronto
hybridization kit (Corning Incorporated, Corning, N.Y.) according to the manufacturers’
instructions.
The construction of the ARCS_Sp02 array has been described previously
(McGregor et al., 2005). Briefly, it contains a total of 9,216 spotted features, consisting of
3,072 features spotted in triplicate. These include 284 control features, 1,060 features
originating from an ARCS leaf library and 1,728 features from a NCSU storage root
library. Throughout this paper we will refer to the sweetpotato cDNAs printed on the array
as expressed sequence tags (ESTs). Each EST has a unique accession number in GenBank,
but in some cases more than one EST may represent a single gene. The term “gene” will be
used in lieu of repetitively stating “an EST with homology to a gene”.
After hybridization the arrays were scanned with the AlphaArray Reader (Alpha
Innotech, San Leandro, Calif.) and quantified using UCSF Spot (Jain et al., 2002). The
composite test/reference images were used for segmentation, while default values were
used for other settings. The Linear Models for Microarray Data (limma) software package
(Smyth, 2005) was used for data transformation (log base 2), normalization and analysis.
MA- and spatial image, and density plots were used to determine the effects of different
normalization methods, after which, within-array LOESS normalization and between-array
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aquantile

normalization

were

applied

(Smyth

and

Speed,

2003).

The

duplicateCorrelation function (Smyth et al., 2005) was employed to handle
triplicate spots on the array while the methodology suggested by Smyth (2005) was used to
handle the loop design and technical replicates. Differentially expressed genes were
identified using empirical Bayes methods (Smyth, 2004). Genes were considered to be
differentially expressed if the P-value was smaller than 0.01 after Holm (1979) multiple
testing correction. Positive fold changes indicate that a gene is up-regulated in storage
roots, while negative fold changes indicate down-regulation in storage roots. Throughout
this paper we will refer to genes with higher expression in storage roots as up-regulated
and genes with higher expression in fibrous roots, as down-regulated.
Putative descriptions for sweetpotato sequences were obtained by comparing
(BLASTX E-value < 1E-5) translated sequences to Arabidopsis thaliana protein sequences
(http://www.arabidopsis.org/) and the NCBI (http://www.ncbi.nlm.nih.gov/) protein
database. This E-value, that is larger than the more conventional 1E-15, was used since
these comparisons are between sequences from different species. Information from the
Munich Information Center for Protein Sequences (MIPS) (Schoof et al., 2002) was used
to functionally classify genes.
3.3 Results
Using the criteria stated in the Materials and Methods section, 975 sweetpotato
ESTs were differentially expressed between fibrous and storage roots of sweetpotato. Of
these, 896 were up-regulated in storage roots and 79 were down-regulated. This
asymmetry is probably due to the design of this specific array, since it was manufactured
from cDNA isolated from leaf and storage root libraries. Some genes that would be
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expected to be up-regulated in fibrous roots may simply not be represented on the array. It
should be kept in mind that the genes on this array represent only a small percentage of the
total sweetpotato genome. Many genes that may be differentially expressed might simply
not be represented on the array. Despite this caveat, to our knowledge the present study
represents the most extensive differential expression study on storage root development in
sweetpotato, and we believe that the information gained will be informative and represent
a step towards the eventual elucidation of this important physiological process.
Selected differentially expressed ESTs can be found in Table 3.1. Functional
classification of genes in Table 3.1 was assigned according to the MIPS (Schoof et al.,
2002). In cases where ESTs had higher homology to non-A. thaliana genes, functional
classification was carried out according to our knowledge of that specific gene in general
plant biology or sweetpotato specifically, as in the case of sporamin, the main storage
protein of sweetpotato.
Some of the more notable metabolism related genes up-regulated in storage roots,
are those involved in sucrose, starch, and sporamin metabolism. Other genes in this
category that were strongly up-regulated were cinnamoyl-CoA reductase, epoxide
hydrolase and S-adenosylmethionine synthetase. Metabolism related down-regulated genes
include glutathione S-transferase.
Many ribosomal protein genes were up-regulated in storage roots, as well as an
argonaute gene. Genes involved in protein degradation, such as proteasome and ubiquitin
associated genes were also up-regulated. Transport related genes such as chaperonin,
aquaporin and RER1A (Retention of ER proteins 1A) were up-regulated. Some
calmodulin-associated genes were up-regulated, but calmodulin 7 was down-regulated.
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Table 3.1. Selected differentially expressed (P <0.01) genes between sweetpotato fibrous
and storage roots. Positive fold changes indicate up-regulation in storage roots, while
negative fold-changes indicate down-regulation.
GenBanka
Putative Gene Descriptionb
ID
Metabolismc
DV037772 acetyl co-enzyme A carboxylase
carboxyltransferase alpha subunit family
DV036464d ADP-glucose pyrophosphorylase (Brassica napus
L.)
DV035801 alcohol dehydrogenase (ADH)
DV036430 beta-amylase
DV037313 chorismate mutase, cytosolic
DV037309 cinnamoyl-CoA reductase family
DV035514 cysteine synthase
DV036040 cytochrome b5, putative
DV037968 cytochrome P450
DV035355 cytochrome P450 family protein
DV034740 enoyl-CoA hydratase/isomerase family protein
DV037327 epoxide hydrolase, putative
DV037483 fasciclin-like arabinogalactan-protein
CB330696d fructokinase (Solanum tuberosum L.)
CB330228
fructose-bisphosphate aldolase, putative
DV035565 glucose-6-phosphate isomerase, cytosolic (PGIC)
CB330655d glutathione S-transferase, putative (Capsicum
annuum L.)
CB330166d glyceraldehyde-3-phosphate dehydrogenase,
cytosolic (Musa acuminate Colla)
DV034850 inorganic pyrophosphatase
DV035127d Invertase inhibitor-like protein (I. batatas)
DV036103 N-hydroxycinnamoyl/benzoyltransferase (I.
batatas)
DV034910 phosphoenolpyruvate (PEP) carboxylase, putative
DV037119d Phosphoglucomutase, cytosolic (S. tuberosum)
DV035262 pyruvate decarboxylase, putative
DV034984 riboflavin synthase
DV037394 S-acyl fatty acid synthase thioesterase
DV037238 S-adenosylmethionine synthetase
DV036719 starch phosphorylase
DV037953 starch synthase
DV036307 sucrase-related (Clostridium pasteurianum
ferredoxin homolog [S. tuberosum])
DV036773 sucrose-phosphate synthase (I. batatas)
DV037548d sucrose synthase 1 (Craterostigma plantagineum
Hochst)
DV035666d sucrose synthase 2 (Coffea canephora L.)
DV036372 transferase family protein
DV036244 triosephosphate isomerase, cytosolic, putative
DV036065 vitamin-B12-independent methionine synthase
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Fold
Change

Homologyb

Evaluef

6.53

At2g38040.2

2E-65

3.42

CAB89863

2E-86

3.22
2.83
1.44
8.01
2.26
1.71
1.48
1.82
1.73
6.22
1.70
2.77
1.51
1.87
-2.83

At1g77120.1
At4g15210.1
At5g10870.1
At5g58490.1
At4g14880.2
At2g32720.1
At4g31940.1
At3g25180.2
At4g16210.1
At4g02340.1
At2g45470.1
CAA78283
At2g36460.1
At5g42740.1
AAX20044

7E-75
4E-14
1E-32
2E-60
2E-79
4E-54
6E-27
2E-19
8E-51
1E-27
2E-42
2E-23
1E-155
1E-95
4E-36

1.99

AAV70659

1E-160

4.57
1.73
-1.74

At1g15690.1
AAM94391
BAA87043

1E-82
7E-54
4E-63

3.23
1.50
2.08
3.14
1.81
6.32
2.08
4.35
1.53

At1g53310.1
CAB93681
At4g33070.1
At2g44050.1
At1g08510.1
At2g36880.1
At3g46970.1
At1g32900.1
AAB33256

1E-114
1E-84
6E-57
4E-13
1E-105
1E-128
4E-44
2E-28
9E-73

2.22
5.30

AAL34531
CAB38022

3E-19
4E-97

1.87
1.83
2.74
1.97

CAI56307
At1g31490.1
At3g55440.1
At5g17920.1

6E-122
1E-64
1E-101
3E-99
table cont.

Energy
DV038074 ATP synthase delta chain, mitochondrial
4.01
At5g13450.1
-1.78
At4g39090.1
CB330061/ cysteine proteinase RD19a / thiol protease
CB330062e
DV035742 cysteine proteinase
4.69
At4g16190.1
Storage proteins
DV034514 sporamin A precursor (I. batatas)
7.24
AAA33391
DV035629 sporamin B (I. batatas)
8.63
AAA33390
6.51
AAB52548
DV037657d sporamin precursor (I. batatas)
Protein synthesis and fate
DV035869 20S proteasome alpha subunit
2.03
At5g66140.1
DV037508 20S proteasome beta subunit
1.53
At1g21720.1
DV034808 26S proteasome regulatory subunit
2.47
At4g24820.2
DV036663 30S ribosomal protein S13 precursor
2.09
At5g14320.1
DV034854 40S ribosomal protein S11
1.62
At5g23740.1
DV037290 40S ribosomal protein S15A
1.69
At5g59850.1
DV035772 40S ribosomal protein S19
1.81
At5g15520.1
DV035328 40S ribosomal protein S29, putative
1.60
At4g33865.1
DV036241 40S ribosomal protein S8
1.77
At5g59240.1
DV035357 60S acidic ribosomal protein P0
2.72
At3g09200.1
DV034903 60S ribosomal protein L10A
2.37
At1g08360.1
DV037528 60S ribosomal protein L13A
2.98
At3g24830.1
DV036075 60S ribosomal protein L24
1.53
At3g53020.1
DV035087 60S ribosomal protein L3
1.51
At1g43170.2
DV036489 60S ribosomal protein L31
1.97
At2g19740.1
DV035737 60S ribosomal protein L38
1.86
At3g59540.1
DV036114 60S ribosomal protein L5
1.80
At5g39740.1
DV036725 60S ribosomal protein L6
1.63
At1g18540.1
DV034706 60S ribosomal protein L9
1.74
At1g33140.1
DV034641 amine oxidase-related
1.75
At5g49555.1
DV036210 argonaute protein (AGO1)
2.35
At1g48410.2
DV035148 elongation factor 1-alpha
1.49
At5g60390.1
DV035311 eukaryotic translation initiation factor 4A, putative
1.51
At3g19760.1
CB330167
cyclophilin
1.65
At2g16600.1
DV035756 heat shock protein 70, putative
1.91
At1g79920.2
DV037950 peptidase M3 family protein
2.91
At5g65620.1
DV036735 polyubiquitin
2.15
At5g20620.1
DV037651 subtilase family protein
2.06
At4g30020.1
DV036581 translationally controlled tumor family protein
1.72
At3g16640.1
DV036023 ubiquitin extension protein
4.78
At2g47110.1
DV035510 ubiquitin-specific protease 6, putative
1.80
At1g51710.1
DV034664 ubiquitin-specific protease 25
2.37
At3g14400.1
Cellular transport, transport facilitation, transport routes and subcellular localization
DV035418 ADP-ribosylation factor
1.46
At3g62290.1
DV034611 anion exchange family protein
1.45
At3g62270.1
DV037403 ankyrin repeat family protein
7.59
At1g03670.1
CB330448
annexin 5
-1.70
At1g68090.1
DV034833 ATP-binding family protein
4.00
At4g21800.2
DV035279 autophagy 8c (APG8c)
2.40
At1g62040.1
DV034677 calmodulin
3.89
At1g18530.1
CB330303
calmodulin-7 (CAM7)
-1.42
At3g43810.1
DV035784 chaperonin 60 alpha subunit
2.27
At2g28000.1
DV036326 chaperonin 60 beta subunit
1.64
At3g13470.1
DV037272 Chaperonin, putative
6.10
At3g18190.1
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7E-51
8E-37
1E-93
4E-64
4E-108
4E-110
2E-48
4E-57
2E-74
5E-57
1E-73
8E-26
9E-68
8E-28
5E-76
4E-39
6E-80
1E-104
2E-47
5E-59
9E-40
5E-30
3E-65
3E-63
1E-59
2E-11
7E-27
9E-80
4E-41
4E-78
5E-96
2E-78
3E-87
1E-06
6E-52
2E-65
3E-38
3E-52
1E-100
4E-09
2E-14
3E-91
6E-35
5E-54
3E-29
3E-81
2E-74
3E-78
4E-37
table cont.

DV036913

clathrin adaptor complexes medium subunit family
protein
DV037308 coatomer protein complex, subunit alpha,
DV037402 coatomer protein complex, subunit beta
DV035326 glycine-rich RNA-binding protein (GRP7)
CB330724d lipid transfer protein 3 (LTP3) (Davidia involucrate
Baill)
DV035851 NADH:ubiquinone oxidoreductase family protein
DV035516 Pep3/Vps18/deep orange family protein
DV037259 plasma membrane intrinsic protein (PIP1A) /
aquaporin
DV037519 protease inhibitor/seed storage/lipid transfer protein
(LTP) family protein
DV037421 RER1A protein (AtRER1A)
DV035436 SNF7 family protein
DV036271 SNO glutamine amidotransferase family protein
DV034934 vacuolar ATP synthase catalytic subunit A
Cell rescue, defense and virulence
DV035529 catalase 2
DV037310 cytochrome P450
DV034972 cytochrome P450 family protein
DV035765 peroxidase 42
CB330044
superoxide dismutase [Mn], mitochondrial
Cellular communication/signal transduction mechanism
DV037296 calcium-dependent protein kinase isoform 6
(CPK6)
DV037624 calmodulin-binding protein
DV037179 casein kinase II alpha chain (CK2)
DV035969 CBL-interacting protein kinase 6 (CIPK6)
DV034942 far-red impaired responsive family protein
DV035865 leucine-rich repeat transmembrane protein kinase,
putative
DV037753 mitogen-activated protein kinase
DV037645 protein kinase
DV034861 protein kinase family protein
DV037162 Rab2-like GTP-binding protein (RAB2)
DV035500 CTR1-like protein kinase (Lycopersicon esculentum
Mill.)
CB330675
sodium-inducible calcium-binding protein (ACP1)
Cell cycle, DNA processing and biogenesis of cellular components
DV036713d actin (Nicotiana tabacum L.)
DV034515 cell division cycle protein
DV037578 cellulose synthase family protein
DV035636 chitinase-like protein 1 (CTL1)
DV037343 cyclin-dependent kinase, putative
DV035686 DNAJ heat shock family protein
DV037423 expansin
DV035524 histone H3
CB330058
histone H3
DV035640 histone H3
CB330869
histone H3
DV036726 histone H4
DV037248 Rad21/Rec8-like family protein
DV034749 Ras-related GTP-binding protein (RAN3)
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1.75

At4g24550.1

9E-80

1.93
2.51
4.07
-2.67

At1g62020.1
At1g79990.1
At2g21660.2
AAL27855

2E-33
1E-105
1E-34
7E-29

2.34
1.99
7.54

At3g03100.1
At1g12470.1
At3g61430.1

2E-75
1E-48
1E-101

1.66

At3g18280.1

8E-29

9.01
1.85
6.33
3.43

At4g39220.1
At1g73030.1
At5g60540.1
At1g78900.1

3E-69
1E-66
4E-94
3E-58

2.42
5.51
2.20
1.69
1.51

At4g35090.1
At4g39500.1
At5g25140.1
At4g21960.1
At3g10920.1

1E-104
6E-29
6E-12
1E-100
4E-99

6.71

At2g17290.1

3E-76

2.04
5.03
1.97
3.42
2.12

At2g18750.1
At2g23070.1
At4g30960.1
At4g19990.1
At2g45340.1

1E-54
3E-63
5E-60
4E-09
2E-52

2.60
1.48
4.94
1.46
2.80

At1g59580.2
At4g19110.1
At5g40380.1
At4g17170.1
AAR89822

8E-37
1E-125
2E-08
2E-67
6E-107

-1.44

At5g49480.1

1E-26

1.90
2.14
1.41
1.52
1.98
1.55
2.34
1.44
-1.46
1.97
-1.70
1.68
4.17
2.15

CAA45149
At3g09840.1
At3g03050.1
At1g05850.1
At5g10270.1
At2g20560.1
At1g26770.1
At5g10980.1
At5g65360.1
At5g65360.1
At5g10980.1
At5g59970.1
At5g16270.1
At5g55190.1

7E-113
2E-45
1E-124
3E-47
7E-43
7E-32
7E-55
5E-47
3E-61
4E-35
1E-71
5E-34
4E-43
2E-73
table cont.

DV037573 tubulin, alpha
DV035220d tubulin, beta (Oryza sativa L.)
Transcription
DV035109 basic helix-loop-helix (bHLH) family protein
DV035522 bZIP transcription factor family protein
DV035051 CCAAT-box binding transcription factor, putative
DV035633 COP1-interacting protein
DV038026 DEAD/DEAH box helicase
DV036673 ethylene-responsive RNA helicase, putative
DV035389 jasmonate and ethylene responsive
factor 3 (JERF3) (L. esculentum)
CB330239
high mobility group protein 2 HMG2 (I. nil)
DV035200 high mobility group protein beta2 (HMGbeta2)
DV037189 homeobox (L. esculentum)
DV037642 homeobox-leucine zipper family protein
DV037991 MADS-box transcription factor FBP22 (Petunia x
hybrida)
DV035018 mob1/phocein family protein
DV034796 myb family transcription factor
CB330169/ NAC domain protein (L. esculentum)
CB330170
CB330140/ nam-like protein 10 (P. hybrida)
CB330141
DV034689 nam-like protein 9 (P. hybrida)
DV037665 nam-like protein 4 (P. hybrida)
DV037569 no apical meristem (NAM) family protein
DV037577 pre-mRNA splicing factor
DV037972 pentatricopeptide (PPR) repeat-containing protein
DV035706 RNA helicase, putative
DV035459 RNA recognition motif (RRM)-containing protein
DV037601 TATA sequence-binding protein
DV036635 TBP-interacting protein (TIP120) protein, putative
DV037501 transcriptional coactivator p15 (PC4) family protein
(KELP)
DV034811 tudor domain-containing protein / nuclease family
protein
DV036235 WRKY family transcription factor
CB330773
zinc finger (AN1-like) family protein
CB330801
zinc finger (B-box type) family protein
DV036450 zinc finger (C2H2 type) family protein
DV034913 zinc finger (CCCH-type) family protein
Systemic development and interaction with the environment
DV035647 Aux/IAA protein-like (S. tuberosum)
DV034939 auxin-responsive factor (ARF6)
DV035347 auxin-responsive GH3 family protein
DV035634 coronatine-insensitive 1
DV034646 gibberellin-regulated protein 5 (GASA5)
DV036052 gibberellin-responsive protein (GASA2), putative
DV037672 nodulin MtN21 family protein
DV034797 shaggy-related protein kinase delta
Classification not yet clear-cut
DV034821 auxilin-related
DV037628 calmodulin-binding protein
DV036308 F-box family protein / tubby family protein
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2.61
1.57

At4g14960.2
AAT94032

5E-52
5E-47

1.51
2.83
1.70
1.65
1.45
2.25
4.92

At2g40200.1
At3g30530.1
At3g48590.1
At5g64920.1
At5g11200.1
At5g63120.1
AAQ91334

2E-25
2E-24
2E-56
4E-09
7E-38
5E-22
2E-66

-1.55
1.74
2.46
2.76
1.43

AAC50019
At1g20696.1
CAA64417
At4g03250.1
AAK21253

3e-49
3E-29
8E-08
3E-33
2E-33

4.05
2.12
-2.59

At5g45550.1
At4g37260.1
AAR88435

1E-90
2E-36
2E-87

-2.64

AAM34773

1e-58

2.34
2.50
3.29
2.32
3.78
2.40
1.91
1.86
3.57
2.17

AAM34772
AAM34767
At5g13180.1
At1g02840.2
At1g60770.1
At5g13010.1
At5g16260.1
At1g55520.2
At2g02560.1
At4g10920.1

3e-98
6e-91
7E-80
3E-71
8E-65
6E-77
2E-36
3E-86
3E-18
3E-27

2.01

At5g07350.1

9E-85

1.91
-1.58
-1.44
2.06
1.96

At5g56270.1
At3g12630.1
At5g57660.1
At3g45260.1
At2g47850.1

7E-26
1E-45
9E-28
1E-30
1E-56

2.96
1.41
1.69
2.46
1.82
1.43
1.93
1.92

ABB55368
At1g30330.1
At2g46370.2
At2g39940.1
At3g02885.1
At1g74670.1
At5g64700.1
At2g30980.1

3E-52
6E-49
1E-61
6E-43
3E-33
3E-33
4E-39
8E-37

3.57
2.27
1.75

At4g12770.1
At5g56360.1
At1g25280.1

1E-09
4E-29
3E-90
table cont.

Unclassified proteins
DV034824 armadillo/beta-catenin repeat family protein
DV036691 BSD domain-containing protein
DV037621 BTB/POZ domain-containing protein
DV037485 F-box family protein
DV035175 metallothionein-like type 1 protein (I. batatas)
DV037356 transducin family protein / WD-40 repeat family
protein
DV037638 tubby-like protein 2 (AtTLP2)
CB330923
type 2 metallothionein (Arachis hypogaea L.)
DV036461 zinc-binding family protein

4.45
2.44
2.96
1.98
1.49
1.63

At4g34940.1
At5g65910.1
At1g21780.1
At3g61590.1
AAD10220
At5g11240.1

1E-44
7E-17
8E-72
7E-29
2E-22
6E-80

4.63
1.99
-2.19

At2g18280.1
ABB05520
At4g17900.1

7E-74
5E-16
1E-77

a

Benson et al., 2005
Putative descriptions for sweetpotato genes were obtained using Basic Local Alignment
Search Tool (Garcia-Hernandez et al., 2002; Gish and States, 1993).
c
Functional classification was done according to the Munich Information Center for
Protein Sequences (Schoof et al., 2002).
d
Differential expression was confirmed by Q-RT-PCR (McGregor et al., 2005).
e
If two numbers, e.g. CB330125/CB330126, represent an EST it means a single clone was
sequenced from both sides and each sequence was assigned a GenBank ID, but it
represents only one feature (spot) on the array.
f
Expectation value. The lower the E value, the more significant the score.
b

Several kinases were up-regulated in storage roots. Specifically, the calciumdependent protein kinase isoform 6 (CPK6) and a casein kinase II (CK2) alpha chain gene
were strongly up-regulated. A sodium-inducible calcium-binding protein (ACP1) was
slightly down-regulated.
Several genes involved in cell replication were up-regulated with the exception of
some histone H3 genes, some of which were down-regulated. A variety of genes involved
in transcription were differentially expressed. Some genes coding for NAC
(NAM/ATAF/CUC) family proteins and zinc finger family proteins were up-regulated
while others were down-regulated. Other notable transcription related genes that were upregulated include a WRKY family transcription factor, a MADS-box and two homeo-box
genes. Two ethylene responsive genes, JERF3 (jasmonate and ethylene responsive factor
3) and an ethylene responsive RNA helicase were also up-regulted. Genes involved with
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response to several other hormones, including auxin and gibberellin (GA) were also upregulated.
3.4 Discussion
3.4.1 Metabolism
During sweetpotato storage root development, sucrose is converted to starch. Depending
on the cultivar, approximately 70% of sweetpotato storage root dry matter consists of
starch (Kays, 1992). Sucrose in the cytosol can be cleaved either by invertase to produce
glucose and fructose, or by SuSy to produce UDP-glucose and fructose (Fig. 3.2). During
tuber development in potato, the SuSy pathway was found to be prevalent (Fernie et al.,
2002; Geigenberger, 2003). Although potato tubers are modified stems while sweetpotato
storage roots are modified roots, similarities have been found in sucrose and starch
metabolism between these two storage organs. Li and Zhang (2003) found that SuSy and
AGPase were up-regulated during sweetpotato storage root development, while invertase
was down-regulated. Our results confirm the up-regulation of SuSy and AGPase and
provide additional information about other genes in the pathway, such as hexokinase
(DV037575) and fructokinase (CB330696) (Table 3.1 and Fig. 3.2). No gene with
homology to invertase was represented on our array, but an invertase inhibitor-like protein
(DV035127) was up-regulated in storage roots.
The up-regulation of fructokinase and non-differential expression of hexokinase
support the proposed prevalence of the SuSy pathway. However in our study a gene with
homology to a potato sucrase-related gene (Machray et al., 1994) was also slightly upregulated in storage roots. Sucrase enzymes also cleave sucrose into fructose and glucose,
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Figure 3.2. Sucrose and starch metabolism (recreated from Fernie and Willmitzer (2001)
and Fernie et al. (2002)). Genes coding the following enzymes are represented on the
array: 1, sucrose synthase; 2, cytosolic phosphoglucomutase; 3, cytosolic glucose-6phosphate isomerase; 4, sucrose phosphate synthase; 5, hexokinase; 6, fructokinase; 7,
phosphofructokinase; 8, ADP-glucose-pyrophospholylase; 9, starch synthase; 10, inorganic
pyrophosphatase. Filled circles denote genes that were up-regulated in storage roots, empty
circles denote non differential expression, while * indicates that expression were
confirmed by Q-RT-PCR (McGregor et al., 2005).
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but this gene has no homology to the invertase gene described by Li and Zhang (2003). In
the original description of the sucrase gene by Machray et al. (1994) they showed that,
compared to invertase, the enzyme had a low activity level and substrate affinity for
sucrose. Whether sucrose is the primary substrate for this enzyme under physiological
conditions remains unknown. The role of this sucrase-related gene in the conversion of
sucrose to starch in sweetpotato storage roots is unclear. The non- differential expression
of hexokinase and strong up-regulation of SuSy, point to the SuSy pathway as the principle
pathway for sucrose cleavage during starch metabolism in sweetpotato storage roots.
The up-regulation of sucrose phosphate synthase, an enzyme that together with
sucrose phosphate phosphatase leads to the synthesis of sucrose from UDP-glucose and
fructose-6-phosphate, might at first seem counter-intuitive. However, sucrose synthesis
has been reported in potato tubers via both SuSy and sucrose phosphate synthase (Fernie et
al., 2002). Our results suggest that this is also true for sweetpotato roots.
3.4.2 Protein Synthesis and Fate
Several genes associated with protein synthesis, e.g. ribosomal proteins and
eukaryotic translation initiation factors, were up-regulated in storage roots. This is
probably related to the production of sporamin, the main storage protein in sweetpotato
storage roots. Sporamin makes up between 60-80% of total soluble protein, and is present
in only a very small amount or is undetectable in other sweetpotato organs (Nakamura,
1992; Shewry, 2003; Walter et al., 1984). Both sporamin precursors (A and B) and βamylase, the second most abundant protein in storage roots (Nakamura, 1992), were upregulated in storage roots compared to fibrous roots.
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The up-regulation of genes associated with protein degradation might be associated
with a change in protein composition between fibrous and storage roots. During the
transformation of stolons to tubers of potatoes, a notable change in protein composition is
observed leading to a less complex protein complement in tubers dominated by patatin (the
potato storage protein) (Fernie and Willmitzer, 2001).
3.4.3 Cellular Transport, Transport Facilitation, Transport Routes and Subcellular
Localization
Chang et al. (2000) showed that both chaperonin 60 subunits had a similar
distribution in the sweetpotato storage root as starch phosphorylase. This led them to
suggest that these chaperonins are involved in transporting starch phosphorylase from the
cytoplasm to the amyloplast.
In storage roots, sporamin is stored in the vacuole. Transport to the vacuole from
the endoplasmatic reticulim (ER) is achieved via the Golgi-apparatus. Several genes upregulated in storage roots are probably associated with sporamin transport, for instance
RER1A is associated with localization of proteins to the ER (Sato et al., 1999). Sporamin
and starch phosphorylase are obviously not the only compounds being transported, but at
least some of the up-regulated transport-related genes are expected to be associated with
their transport.
3.4.4 Cellular Communication/Signal Transduction Mechanism
Numerous protein kinases are up-regulated in storage roots. Since protein kinases
are involved in such a wide range of signaling processes, it is difficult to speculate about
the potential roles of specific kinase genes in storage root development. One of the most
strongly up-regulated protein kinase genes (DV037179), codes for the alpha chain of CK2.
CK2 is involved in a variety of plant developmental processes, including salicylic acid
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induced gene expression (Hidalgo et al., 2001). Among the many substrates that can be
phosphorylated by CK2, are some members of subgroup B high-mobility-group (HMG)
proteins (HMG1/2) (Stemmer et al., 2002). Two HMG1/2 protein genes were differentially
expressed between fibrous and storage roots. Phylogenetic analysis showed that these
genes are similar to two HMG1/2 genes previously described in Ipomoea nil cotyledons
(data not shown) (O'Neill and Zheng, 1998; Zheng et al., 1993). CB330239, the downregulated HMG gene in the current study is similar to HMG2 (ACC50019) and the upregulated DV035200 are similar to HMG1 (P40619). In seedling cotyledons of I. nil
HMG1 is regulated by light and by an endogenous circadian rhythm. HMG2 was not
regulated by either of these. Both showed higher expression in seedling roots compared to
hypocotyls and cotyledons. HMG1/2 proteins are chromatin components, and play a role in
DNA repair and transcriptional initiation (Thomas, 2001).
DV035500 is up-regulated in storage roots, and encodes a gene with strong
homology to a CTR1-like protein kinase from tomato (Lycopersicon esculentum)
(LeCTR1). CTR1 genes are negative regulators of the ethylene response (Kieber et al.,
1993). In the absence of ethylene, the ethylene receptors activate the kinase activity of
CTR1, which then suppresses the downstream responses. In the presence of ethylene,
ethylene binds to the receptors and CTR1 is not activated, so downstream ethylene
responses are not suppressed (Chen et al., 2005). However, induction of LeCTR1 is
associated with tissues with high levels of ethylene, such as ripening fruit (Adams-Phillips
et al., 2004; LeClerq et al., 2002). According to the current model of ethylene signaling,
one of the downstream elements that are activated is an ethylene response factor (ERF)
transcription factor. A gene (DV035389) homologous to a novel member of the ERF-
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family (JERF3) from tomato (Wang et al., 2004) was strongly up-regulated in storage
roots. In addition a gene with similarity to a putative ethylene-responsive RNA helicase
(DV036673) was also up-regulated in storage roots. It seems therefore that the upregulation of the LeCTR1-like gene occurs in addition to ethylene response, in contrast to
the current ethylene signal transduction model in A. thaliana, but in agreement with the
previously reported action of LeCTR1 in tomato fruit (Adams-Phillips et al., 2004;
LeClerq et al., 2002). Ethylene is produced in sweetpotato storage roots (Kays, 1992)
however, to our knowledge it is not known whether more ethylene is produced in storage
roots versus fibrous roots.
3.4.5 Cell Cycle, DNA Processing and Biogenesis of Cellular Components
The increase in diameter of storage roots is attributed to rapid cell division and
expansion in the primary and secondary cambia (Wilson and Lowe, 1973). Several genes
involved in cell replication were up-regulated in storage roots. Genes with homology to
histone H3 genes were differentially expressed, some up-regulated and others downregulated. Phylogenetic analysis of protein sequences shows that these four sequences
represent different Histone H3 variants (data not shown). Interestingly, the down-regulated
genes originated from the sweetpotato leaf library while the up-regulated genes originated
from the storage root library. Histone H3 variants with distinct functions have been
described previously (Malik and Henikoff, 2003; Okada et al., 2005) and it was concluded
that the OCT motifs in histone promoters and the introns might be involved in regulation
of histone genes (Okada et al., 2005). Full length genomic sequences for the sweetpotato
histone genes described here are not currently available for analysis of promoter and intron
regions, but merit further study as these become available.
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3.4.6 Transcription
Among genes with a role in transcription, two homeo-box and a MADS-box
protein gene were found to be up-regulated in storage roots. One of the homeo-box genes,
DV037189 is homologous to the tomato VAHOX1 gene (Tornero et al., 1996). In roots,
VAHOX1 is expressed where secondary growth takes place and at the connection point of
the secondary roots. VAHOX1 is not expressed in the meristem. In transgenic tobacco
(Nicotiana tabacum L.) the VAHOX1 promoter was activated in the phloem regions at the
onset of secondary growth.
MADS-box genes have previously been implicated in storage root development of
sweetpotato. Kim et al. (2002, 2005a, 2005b) identified 5 genes, IbMADS3, IbMADS4,
IbAGL17, IbAGL20, and IbAGL79 that were specifically expressed in vegetative tissues.
These genes showed high expression in the vascular cambium tissue of developing
sweetpotato roots. You et al. (2003) identified a MADS-box gene (BU691821) that was
down-regulated in developing storage roots compared to fibrous roots. Sequence analysis
indicates that the MADS-box gene in the current study (DV037991) is not homologous to
the MADS-box genes previously identified in sweetpotato (data not shown). Note that at
the time this manuscript was prepared, sequence information for IbAGL20 and IbAGL79
were not publicly available. DV037991 showed the highest homology with an AGL20
MADS-box gene (At2g45660.1) that is involved in integrating different flowering
pathways in A. thaliana (Lee et al., 2000; Moon et al., 2005).
Several genes with homology to NAC family proteins were also differentially
expressed

between

fibrous

and

storage

roots.

CB330140/CB330141

and

CB330169/CB330170 were down-regulated in storage roots, similar to a NAM-like
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protein gene (BU690278) described by You et al. (2003). CB330169/CB330170 is
homologous to tomato SINAC1 that enhances replication of tomato leaf curl virus (Selth et
al., 2005). One of the up-regulated genes (DV037569) codes for an A. thaliana gene in the
SENU5 subgroup of NAC family genes (Ooka et al., 2003). Expression of SENU5
increases during leaf senescence in tomato, but expression was also observed in tomato
roots (John et al., 1997). The other two up-regulated genes are homologous to Petunia
NAM-like proteins 4 and 9. NAM genes are involved in shoot apical meristem
development (Souer et al., 1996).
3.4.7 Systemic Development and Interaction with the Environment
Three genes associated with response to auxin were up-regulated in storage roots.
DV035647 is homologous to an Aux/IAA protein from potato, while DV035347 is
homologous to an auxin-responsive GH3 family protein. Aux/IAA and GH3 family
proteins accumulate after auxin exposure and it is thought that both of these serve to
dampen auxin signaling (Woodward and Bartel, 2005). The other up-regulated gene,
DV034939 is similar to an auxin–responsive factor (ARF6). ARF proteins can bind to the
Auxin-Responsive-Element

(AuxRE), a common sequence present in the upsteam

regulatory region of most Aux/IAA and GH3 genes (Ballas et al., 1993; Woodward and
Bartel, 2005). Although ARF proteins can activate or repress target gene transcription,
Ulmasov et al. (1999) showed that ARF6 functions as a transcriptional activator. Both
ARF8 and ARF6 have been shown to promote jasmonic acid and play a role in flower
maturation (Nagpal et al., 2005). Some Aux/IAA, GH3 and ARF proteins are know to play
a role in formation of lateral and adventitious roots (Sorin et al., 2005; Tatematsu et al.,
2004; Tian et al., 2004). The Sorin et al. (2005) study also concludes that ARGONAUTE1,
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a gene up-regulated in the current study (DV036210), is required for regulation of auxin in
apical parts of the plant. The functions of the different auxin regulated genes in
sweetpotato and their possible role in storage root development are still to be determined.
Auxin is known for its acceleration of stem growth however, in roots, auxin strongly
inhibits elongation over a wide range of concentrations (for review see Tanimoto, 2005).
Previous studies of the importance of auxin on sweetpotato storage root development have
yielded contradictory results (Nakatani and Komeichi, 1991a; Wilson, 1982). Our results
indicate that further investigation of the role of auxin in storage root development is
warranted. Interestingly, in the recent study by Kloosterman et al. (2005), auxin-responsive
genes were identified as possible candidate genes for further study of tuber development in
potato.
Two gibberellin-responsive (GASA) protein genes (DV034646 and DV036052)
were slightly up-regulated. Gibberellin (GA) is traditionally associated with cell division
and elongation (Harberd et al., 1998). In many plants GA prevents root thickening, but it
has been suggested that other factors, eg hemicellulose components may control swelling
(Tanimoto, 2005). Brinker et al. (2004) observed up-regulation of GASA-like genes after
auxin treatment of Pinus contorta. One should also keep in mind that many auxin and GA
responsive genes play a role in modification of the cell wall (Tanimoto, 2005).
The up-regulation of a gene (DV035634) with homology to coronatine-insensitive
1 (COI1) points to a role for jasmomic acid in storage root development. Jasmonic acid
inhibits root elongation via the action of COI1 (Feys et al., 1994; Staswick et al., 1992).
The seizure of root elongation has been described during the early stages of storage root
development in sweetpotato (You et al., 2003).
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A gene (DV037638) with homology to a tubby-like protein (AtTLP2) was strongly
up-regulated in storage roots. In A. thaliana AtTLP2 is induced by cytokinin treatment and
suppressed by auxin treatment (Lai et al. 2004). Interestingly, AtTLP2 expression
decreases in the abscisic acid insensitive 1 mutant and increases in the edr1 (enhanced
disease resistance 1) mutant. EDR1 encodes a MAP kinase similar to CTR1. ABA acid
and cytokinins, particularly t-zeatin riboside (ZR) have been implicated in storage root
formation of sweetpotatoes (Matsuo et al., 1983; Nakatani and Komeichi, 1991a, 1991b;
Nakatani et al., 2002; Sugiyama and Hashizume, 1989; Suye et al., 1983).
The current study compared gene expression between whole fibrous and whole
storage roots. We have elucidated starch and sugar metabolism with expression data for
several genes in this critical processes not previously examined in sweetpotato. Several
transcription factors not previously implicated in storage root development were identified.
These genes are candidate genes for further study. Many hormones are implicated in
storage root development. Until now, most research in this area focuses on ABA and
cytokinins, however our results suggest that jasmonic acid, ethylene and particularly auxin,
deserve more attention.
Undoubtedly different tissues that comprise the roots will have different gene
expression patterns. The obvious next step is to investigate the location and tissue
specificity of expression of candidate genes during storage roots development.
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CHAPTER 4: DIFFERENTIAL EXPRESSION OF GENES BETWEEN STORAGE
ROOTS OF SWEETPOTATO CULTIVARS JEWEL AND WHITE JEWEL*
4.1 Introduction
Sweetpotato (Ipomoea batatas (L.) Lam.) is a hexaploid (2n=6x=90) member of
the Convolvulaceae family with extensive variation within the species. Commercial
sweetpotato varieties are asexually propagated through adventitious sprouts from fleshy
roots. This vegetative propagation should theoretically ensure that clonal varieties are
genotypically uniform (Villordon and LaBonte, 1995). However, various authors have
described variations in sweetpotato that cannot simply be explained by genotype x
environmental interactions. Variation occurs for both quantitative traits such as yield, and
qualitative traits such as flesh and skin color (Hwang et al., 1983; Steinbauer et al., 1943;
Villordon and La Bonte 1995, 1996). The high ploidy levels should mask some of the
mutations, but even so, for flesh color it is estimated that sweetpotato have 1000x more
mutations than tetraploid potato (Solanum tuberosum L.) (Villordon & LaBonte, 1995).
The sweetpotato cultivar White Jewel (PI 634459) is a yellow-and-orange fleshed
spontaneous mutant of the cultivar Jewel (PI 566638). Whereas ‘Jewel’ has a uniform
orange flesh color, ‘White Jewel’ storage roots have a yellow cortex and central
parenchymous area with light, blotchy orange in the cambium ring and cork cambium.
The orange and yellow color of sweetpotato flesh is due to the presence of
carotenoids. Carotenoids are isoprenoids (also called terpenoids or terpenes). There are
two known pathways that lead to the synthesis of isopentenyl diphosphate (IPP) and
dimethylallyl diphosphate (DMAPP), the five-carbon building blocks of isoprenoid
compounds. Synthesis via the mevalonate (MVA) pathway takes place in the cytoplasm
*
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(Bach et al., 1999) while the methylerythritol (MEP) pathway (also known as the 1-DeoxyD-xylulose 5-phosphate (DXP) pathway) is located in the plastids (Fig. 4.1) (Rohdich et
al., 2002, Rohmer, 1999). Carotenes are water insoluble and are synthesized and
sequestered in plastids (chloroplasts and chromoplasts). The study of mutants has
contributed significantly to our current knowledge of carotenoid biosynthesis and storage
(Carol et al., 1999; Isaacson et al., 2002; Li et al., 2001; Norris et al., 1995; Paolillo et al.,
2004; Park et al., 2002).
β-carotene is the predominant carotenoid in most American orange-fleshed
sweetpotatoes, but in light-fleshed types, other carotenes might be the principal carotene
type (Hagenimana et al., 1999; Kays, 1992). Carotenoid intake is associated with a range
of health benefits for humans (Beatty et al., 2004; Humphrey et al., 1992; Yeum and
Russell, 2002). β-carotene is the most important dietary precursor to vitamin A. Deficiency
in vitamin A leads to xerophthalmia, blindness and premature death in humans (Mayne
1996). It is estimated that vitamin A deficiency causes 1.2 million deaths per year, mainly
in children between one and four years of age (Humphrey et al., 1992). Several studies
have highlighted the potential role of high β-carotene containing sweetpotato varieties in
preventing vitamin A deficiency, particularly in Sub-Saharan Africa (Hagenimana et al.,
1999; Jalal et al., 1998; Low et al., 2001; van Jaarsveld et al., 2005).
Despite the importance of sweetpotato as a source of β-carotene, relatively little
research has focused on the molecular aspects of β-carotene synthesis and storage in
sweetpotato roots. We aim to elucidate these aspects by comparing global gene expression
between ‘Jewel’ and ‘White Jewel’ using microarray technology.
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Figure 4.1. The carotenoid biosynthetic pathway. DMAPP, dimethylallyl disphosphate;
IPP, isopentenyl diphosphate; IPI, isopentenyl diphosphate isomerase; FPPS, farnesyldiphosphate synthase; GPP, geranyl dihosphate; FT, farnesyltransferase; FPP, farnesyl;
GGPS, geranylgeranyl diphosphate synthase; GGPP, geranylgeranyl diphosphate; PSY,
phytoene synthase; PDS, phytoene desaturase; ZDS, ζ-carotene desaturase; CRTISO,
carotene isomerase; LCY-b, lycopene β-cyclase; LCY-e, lycopene ε-cyclase; CHY-b, βring hydroxylase; CHY-e, ε-ring hydroxylase.
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4.2 Materials and Methods
4.2.1 Plant Materials
Three-leaf shoot cuttings from virus tested sweetpotato cultivars Jewel and White
Jewel were transplanted in pots in a temperature-controlled greenhouse. Storage roots from
45 plants of each cultivar were harvested six weeks after transplanting (WAT). Storage
roots from 15 plants were pooled for each biological replicate and three biological
replicates were used in total for each cultivar.
4.2.2 Microarray Analysis
Storage roots were ground in a Waring blender (Model 33BL79, Dynamics
Corporation of America, New Hartford, Conn.) cooled with dry ice, followed by further
grinding with a mortar and pestle. RNA extractions were carried out with the RNeasy
Maxi Kit (Qiagen, Valencia, Calif.) using lysis buffer RLT, but otherwise following the
manufacturers protocol. RNA was further purified and concentrated using the RNeasy
Mini Kit (Qiagen). DNase I digestion was carried out on-column following the
manufacturers instructions. RNA was extracted twice (technical replicates) from each
biological replication, yielding a total of six RNA samples for each cultivar for microarray
analysis.
Ten micrograms of total RNA was labeled using the SuperScript Indirect cDNA
Labeling System for DNA Microarrays (Invitrogen, Carlsbad, Calif.) according to the
manufacturer’s protocol. Samples were labeled with Cy3 or Cy5 fluorescent labels
(Amersham Biosciences, Piscataway, N.J.) and hybridized onto 12 ARCS_Sp02 arrays in a
connected loop design. (Rosa et al. 2005) using the Pronto hybridization kit (Corning,
Corning, N.Y.). In the connected loop design a sample from ‘Jewel’ was labeled with Cy3

74

and hybridized on an array with a ‘White Jewel’ sample labeled with Cy5. On the next
array, the same ‘White Jewel’ sample was labeled with Cy3 and hybridized on an array
together with another ‘Jewel’ sample labeled with Cy5. This process was continued until
all samples were used in the loop (a total of 12 arrays). Arrays were scanned with the
AlphaArray Reader (Alpha Innotech, San Leandro, Calif.) and quantified using UCSF Spot
(Jain et al. 2002).
The ARCS_Sp02 array contains 2,788 sweetpotato cDNAs and 284 control features
spotted in triplicate on Corning GAPSII slides (Corning, N.Y.) using a Genemachines
Omnigrid microarray printer (GeneMachines, San Carlos, Calif.). Slides were printed and
supplied by Kornel Burg (ARC Seibersdorf research GmbH, A-2444 Seibersdorf, Austria)
with collaboration from Bryon Sosinski (Department of Horticultural Science, North
Carolina State University, Raleigh, N.C.).
Data transformation (log base 2), normalization and statistical analysis were carried
out using The Linear Models for Microarray Data (limma) software package (Smyth
2005). Within-array loess normalization and between-array aquantile normalization were
applied (Smyth and Speed, 2003). Triplicate spots on the array were dealt with using the
duplicateCorrelation function (Smyth et al. 2005), while the loop design and
technical replicates were handled as suggested by Smyth (2005). Differentially expressed
genes were identified using empirical Bayes methods (Smyth 2004). Genes were
considered to be differentially expressed if the P-value was smaller than 0.01 after Holm
(1979) multiple testing correction. Throughout this paper we will refer to genes with
higher expression in ‘White Jewel’ storage roots as up-regulated and genes with higher
expression in ‘Jewel’ roots, as down-regulated.
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Putative descriptions for sweetpotato cDNA sequences were obtained by
comparing (BLASTX E-value < 1E-5) translated sequences to Arabidopsis thaliana (L.)
Heyhn. protein sequences (Garcia-Hernandez et al., 2002) and the NCBI protein database
(Gish and States, 1993). Information from the Munich Information Center for Protein
Sequences (MIPS) (Schoof et al., 2002) was used to functionally classify genes.
4.2.3 Quantitative Reverse Transcription-Polymerase Chain Reaction (Q-RT-PCR)
Nine genes of interest were selected for validation with two-step Q-RT-PCR. The
majority of genes were selected as a result of their involvement in carotenoid biosynthesis
or the chloroplast (or chromoplast) development. CB330166 was selected because it is
generally considered a housekeeping gene. First-strand cDNA synthesis was carried out
using the SuperScript III First-Strand Synthesis System for RT-PCR (Invitrogen) following
the instructions of the manufacturer. The resulting reactions were diluted by adding 40 µL
water and 1 µL of the dilution was used for RT-PCR on the ABI PRISM 7000 Sequence
Detection System using SYBR Green PCR Master Mix (Applied Biosystems, Foster City,
Calif) and 600 nM of each primer in a final volume of 25 µL. Primers were designed with
Primer Express (version 2.0) (Applied Biosystems) and the sequences can be found in
Table 4.1. In addition, primers were designed for two recently isolated genes in the
carotenoid pathway that were not represented on the array (K. Burg, personal
communication) (Table 4.1). The relative standard curve method as described in the User
Bulletin #2 (Applied Biosystems) were used to obtain relative expression levels for each
sample. Dissociation curves were examined to detect nonspecific amplification and 18S
ribosomal RNA specific primers (Applied Biosystems) were used to normalize data to the
18S rRNA genes. The same RNA samples used for microarray analysis were used for Q-
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RT-PCR. Each sample was done in duplicate and technical replicates were averaged to
yield a single measurement for each biological replicate that was used for statistical
analysis using MINITAB release 14.1 (Minitab Inc., State College, Pa.). Differences were
considered statistically significant if P <0.05.

Table 4.1. Primer sequences used for quantitative reverse transcription-polymerase chain
reaction.
GenBanka ID
DV034581
DV037120
CB330505
CB330580
CB330720
CB330938
CB330113
DV037363
CB330166
FPPS
LCY-b
a

FWD
REV
FWD
REV
FWD
REV
FWD
REV
FWD
REV
FWD
REV
FWD
REV
FWD
REV
FWD
REV
FWD
REV
FWD
REV

Primers (5’ → 3’)
TGCAGCCATCCTCTTTACCG
TGGGCAGCATTTCTCACTCC
GCGGTGGAGATGATCCACAC
CGGAGATCGTCGTTGTCCAT
TTCCCGGTCAGGTTCTCAGA
GGGAGTGACCAAGACGCAGA
CAAATTGCCCGAAGCCTATG
AAAAGAGCACAGGTATGACTGGC
TTCTCTCTTCATCTTCGGGTTCC
CCAGGATTACGCCCTGGAT
CCGAGCTCAAGGTGAAGGAG
CTGAACGAAGAAGCCAAACATG
GGGTCCAAGTGTTGTGAAGGA
TTTTCCAGAAGCCACCAGCTA
AAGACCACCCTGGGCTCCT
TTCAGCTCCTGCGACACTTG
TGGTCGCTAGGGTTGCTCTG
GAACGGGTCGTTGACTGCA
CCCCTACAAGGGTGGTAATCAG
TCCAAACTGCCAGTGGGC
TCTGGCAGAAGTGGAGGAACA
GGTGAGAGTCTCGCCAATCC

Benson et al., 2005

4.2.4 Alcohol-Insoluble Solids (AIS, crude starch), Sugar, Dry Weight (DW) and βCarotene Content
Six roots were randomly chosen from each pool (biological replicate) for AIS,
sugar content and DW determination as described by Picha (1987). Briefly, unpeeled roots
were halved and grated to produce two 10-g samples. One sample was homogenized in
80% ethanol for 1 min using a Brinkman homogenizer (Brinkman Instruments, Westbury,
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N.Y.) and then boiled for 15 minutes. After cooling the sample, it was filtered through
Whatman no. 4 filter paper. The weight of the insoluble residue on the filter after drying
was used to determine AIS content. The filtrate was adjusted to a final volume of 100 mL
and used to determine sugar content using high performance liquid chromatography
(HPLC) using a SUPELCOSILTM LC-NH2 column (SUPELCO, Bellefonte, Pa.). The
duplicate 10 g sample was dried at 70 °C for 48 h to determine DW.
Four representative roots from each biological replicate were selected for βcarotene determination. CIE L*, a*, b* (Commission Internationale d'Eclairage) color
values were measured for the outside (skin) and a cross-section (flesh) of each root using a
Minolta spectrophotometer cm 3500d (Minolta Co., Osaka, Japan). The values of the four
roots were averaged to get a value for each biological replicate. β-carotene content was
determined using the following linear regression model described by Takahata et al.
(1993): Carotene content (mg·100 g-1) = 0.864a* – 8.68.
Two-sample t-tests were used to determine statistical significance of the differences
between measurements from ‘Jewel’ and ‘White Jewel’ samples using MINITAB release
14.1 (Minitab Inc.). Differences were considered statistically significant if P <0.05.
4.3 Results
Forty genes were differentially expressed between ‘Jewel’ and ‘White Jewel’
(Table 4.2). Of these, 30 genes were down-regulated in ‘White Jewel’ compared to ‘Jewel’
while 10 were up-regulated. Five genes showed no homology with known genes and two
were homologous to “expressed proteins”. Fold changes for differentially expressed genes
were small, ranging from –1.39 to –1.12 for down-regulated genes and 1.15 to 1.34 for upregulated genes. A possible cause for this is that the cambium areas of ‘White Jewel’ are
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similar to that of ‘Jewel’ and that this causes a dilution effect. The fold changes are
therefore the average for all cells in the root, and it is probable that if the cortex areas of
the roots were dissected out, the fold changes of the genes would be larger.
Q-RT-PCR results for eight genes tested were in good agreement with results
obtained with microarrays (Table 4.3). Differential expression of the glyceraldehyde-3phosphate dehydrogenase gene (CB330166) was not confirmed with Q-RT-PCR analysis.

Table 4.2. Differentially expressed genes (P <0.01 after Holm multiple testing correction)
between ‘Jewel’ and ‘White Jewel’ sweetpotato storage roots. Positive fold changes
indicate up-regulation in ‘White Jewel’ roots, while negative fold changes indicated downregulation in ‘White Jewel’ roots.
GenBanka
Putative Gene Description
ID
Metabolismd
CB330166
glyceraldehyde-3-phosphate dehydrogenase,
cytosolic
DV035409 inorganic pyrophosphatase (Nicotiana
tabacum L.)
DV034581 isopentenyl diphosphate isomerase 1 (N.
tabacum)
CB330580
psbK PSII K protein
CB330897
sporamin B (I. batatas)
DV034610 sucrose synthase 2 (S. tuberosum)
CB330358
triosephosphate isomerase, cytosolic, putative
Energy
CB329982
ATP synthase epsilon subunit (I. batatas)
CB330938
light harvesting chlorophyll a/b-binding
protein (Nicotiana sylvestris Pflanzl.)
CB330113
cytochrome c oxidase subunit Vc family
protein
CB330505
photosystem II oxygen-evolving complex 23
CB330720
photosystem II protein I (Ranunculus
macranthus Scheele)
Protein Synthesis and Fate
CB330804
cathepsin B-like cysteine protease, putative
DV037272 chaperonin
CB330700
elongation factor 1-alpha / EF-1-alpha
CB330102
polyubiquitin (UBQ10)
CB330932
ubiquitin extension protein 1 (UBQ1)
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Fold
Change

Pvalue

Homologyb

Evaluec

-1.17

5E-10

At3g04120.1

1E-159

-1.36

6E-07

CAA58701

7E-84

-1.23

5E-03

BAB40973

1E-97

1.29
1.34
-1.27
-1.29

3E-10
7E-07
7E-06
2E-05

AtCg00070
AAA33390
AAO34668
At3g55440.1

3E-19
7E-38
2E-90
1E-109

1.16
-1.20

3E-03
8E-04

CAD23965
BAA25392

9E-66
3E-133

-1.13

5E-04

At2g47380.1

4E-22

-1.19
1.26

1E-03
8E-08

At1g06680.1
AAZ04048

1E-110
3E-14

-1.18
1.17
-1.18
-1.21
-1.14

2E-03
7E-04
5E-03
3E-03
5E-03

At1g02305.1
At3g18190.1
At5g60390.1
At4g05320.5
At3g52590.1

1E-106
4E-37
1E-72
2E-77
1E-65
table cont

Transcription
DV035522 bZIP transcription factor family protein
CB330144
remorin 1, putative (Oryza sativa L. (japonica
cultivar-group))
Transport
CB330336
ADP-ribosylation factor
CB330838
aquaporin (PIP1.3)
Biogenesis of Cellular Components
CB330125/ alpha tubulin 1 (Pseudotsuga menziesii
CB330126e (Mirbel) Franco var. menziesii)
CB330258
lipocalin, temperature-induced (L.
esculentum)
Cell Cycle and DNA Processing
DV036591 DNAJ heat shock protein, putative (J3)
Cell Rescue, Defense and Virulence
DV037363 gp91-phox, whitefly-induced (L. esculentum)
CB330013
metallothionein-like type 1 protein (I. batatas)
CB330561
thioredoxin peroxidase (C. annuum)
Cellular Communication/Signal Transduction mechanism
DV035500 CTR1-like protein kinase (L. esculentum)
CB329975
cyclophilin / peptidyl-prolyl cis-trans
isomerase, cytosolic / rotamase (ROC3)
CB330481
cyclophilin-like (S. tuberosum)
DV034921 protein phosphatase 2C family protein
Unclassified
CB329950
allergen-like protein BRSn20 (Sambucus
nigra L.)
CB330730
early nodulin ENOD18 family protein /
universal stress protein (USP) family protein
Unknown
DV035353 expressed protein
DV034897 expressed protein (in thylakoid lumen)
CB330777
no homology
CB329930
no homology
DV034780 no homology
CB330067
no homology
CB330200
no homology
a

-1.22
-1.19

7E-03
8E-03

At3g30530.1
XP_466996

2E-24
8E-37

-1.22
-1.31

4E-07
3E-08

At3g62290.1
At1g01620.1

3E-28
1E-144

-1.20

4E-04

AAV92379

4E-91

-1.23

2E-05

ABB02390

3E-77

-1.18

2E-03

At3g44110.1

6E-57

1.15
-1.17
-1.12

4E-04
2E-04
9E-03

AAF73124
BAD95644
AAL35363

9E-16
3E-79
2E-75

1.16
-1.14

2E-04
9E-03

AAR89822
At2g16600.1

6E-107
4E-78

-1.14
-1.27

7E-04
5E-08

ABB29940
At1g07630.1

3E-80
6E-35

-1.23

8E-05

AAF16869

1E-39

-1.22

2E-04

At3g03270.2

3E-43

-1.39
-1.23
1.32
1.28
1.15
-1.12
-1.17

3E-06
1E-03
2E-05
8E-04
8E-03
6E-03
9E-03

At5g49100.1
At3g29240.2

2E-30
6E-63

Benson et al., 2005
Putative descriptions for sweetpotato genes were obtained using Basic Local Alignment
Search Tool (Garcia-Hernandez et al., 2002; Gish and States, 1993).
c
Expectation value. The lower the E value, the more significant the score.
d
Functional classification was done according to the Munich Information Center for
Protein Sequences (Schoof et al., 2002).
e
If two numbers, e.g. CB330125/CB330126, represent an EST it means a single clone was
sequenced from both sides and each sequence was assigned a GenBank ID, but it
represents only one feature (spot) on the array.
b
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Table 4.3. Comparison of results obtained for nine genes with microarray analysis and
quantitative reverse transcription-polymerase chain reaction (Q-RT-PCR). Positive fold
changes (FC) indicate up-regulation in ‘White Jewel’ sweetpotato storage roots, while
negative fold changes indicate down-regulation. Numbers in bold indicate fold changes
that are statistically significant.
GenBanka ID
DV034581
DV037120
CB330505
CB330580
CB330720
CB330938

Microarray
FC
P-Value
-1.23
0.005
-1.03
1.000
-1.19
0.001
1.29
0.000
1.26
0.000
-1.20
0.001

Q-RT-PCR
FC
P-Value
-1.99
0.036
1.03
0.66
-1.38
0.027
2.15
0.030
1.96
0.003
-1.61
0.012

CB330113

-1.13

0.001

-1.21

0.042

DV037363
CB330166

1.15
-1.17

0.000
0.000

3.31
-1.20

0.000
0.143

Homologyb
isopentenyl diphosphate isomerase (IPI)
geranylgeranyl diphosphate synthase (GGPS)
photosystem II oxygen-evolving complex 23
psbK PSII K protein
photosystem II protein I
light harvesting chlorophyll a/b-binding
protein
cytochrome c oxidase subunit Vc family
protein
gp91-phox, whitefly-induced
glyceraldehyde-3-phosphate dehydrogenase,
cytosolic

a

Benson et al., 2005
Putative descriptions for sweetpotato genes were obtained using Basic Local Alignment
Search Tool (Garcia-Hernandez et al., 2002; Gish and States, 1993).

b

CIE color measurements, for skin and flesh color of ‘Jewel’ and ‘White Jewel’ are
given in Figures 4.2A and 4.2B. All differences were statistically significant, except for the
skin L* value (Fig. 4.2B). The β-carotene content calculated from flesh a* color values
were 20.66 mg·100 g-1 fresh weight (FW) for ‘Jewel’ and 1.68 mg·100 g-1 FW for ‘White
Jewel’. Isopentenyl diphosphate isomerase (IPI) was down-regulated in ‘White Jewel’, but
farnesyl-diphosphate synthase (FPPS), geranylgeranyl diphosphate synthase (GGPS), and
lycopene β-cyclase (LCY-b) were not differentially expressed (Fig. 4.3).
Fructose and glucose levels in ‘White Jewel’ were lower than in ‘Jewel’ while
sucrose levels were higher in ‘White Jewel’ (Fig. 4.4). No differences were observed
between percent dry weight or alcohol insoluble solids of the two cultivars (Fig. 4.5).

81

A

90

80

80

70

70

60

60
Color values

Color values

90

50
40

50
40

30

30

20

20

10

10

0

OJ

WJ

OJ

L*

WJ

OJ

a*

B

0

WJ
b*

OJ

WJ
L*

OJ

WJ
a*

OJ

WJ
b*

Figure 4.2. CIE color values measured for (A) flesh and (B) skin color of sweetpotato
storage roots from ‘Jewel’ (OJ) and ‘White Jewel’ (WJ). L*: black = 0, white = 100; a*:
green = -80, red = 80; b*: blue = -80, yellow = 80. Bars indicate standard errors.
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Figure 4.3. Relative expression values of isopentenyl diphosphate isomerase (IPI),
farnesyl-diphosphate synthase (FPPS), geranylgeranyl diphosphate synthase (GGPS), and
lycopene β-cyclase (LCY-b) in sweetpotato storage roots of ‘Jewel’ (OJ) and ‘White
Jewel’ (WJ) determined by quantitative reverse transcription-polymerase chain reaction.
Relative expression levels were statistically significantly different (P <0.05) for IPI. Bars
indicate standard errors.
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Figure 4.4. Sugar content of sweetpotato storage roots from ‘Jewel’ (OJ) and ‘White
Jewel’ (WJ) given in mg·g-1 fresh weight (FW). Bars indicate standard errors.
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Figure 4.5. Dry weight and Alcohol-insoluble solids (AIS) as proportion of fresh weight
(FW) of sweetpotato storage roots from ‘Jewel’ (OJ) and ‘White Jewel’ (WJ). Bars
indicate standard errors.
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4.4 Discussion
Although genes for nearly all the steps in the carotenoid pathway (Fig. 4.1) have
been identified in plants (Cunningham Jr., 2002), only a handful have been isolated in
sweetpotato (Burg and Berenyi, 2004). Two genes involved in the β-carotene pathway,
isopentenyl diphosphate isomerase (IPI) and geranyl-geranyl diphosphate synthase
(GGPS), are represented on the ARCS_Sp02 array. A gene (DV034581) with homology to
plastidal IPI was down-regulated in ‘White Jewel’ (Table 4.2 and Fig. 4.3). During
isoprenoid synthesis IPI catalyzes the interconversion of isopentenyl diphosphate (IPP)
and dimethylallyl disphosphate (DMAPP). In the MEP pathway both IPP and DMAPP are
produced in the terminal branching step through the action of isopentenyl/dimethylallyl
diphosphate synthase (IDDS) (Rohdich et al., 2002; Rodríguez-Concepción and Boronat,
2002). This makes low level isoprenoid biosynthesis possible without IPI, but IPI is
required for full function of the pathway (Page et al., 2004). Two genes (DV037120 and
CB330462) with homology to GGPS were not differentially expressed between ‘White
Jewel’ and ‘Jewel’ (DV037120, Fig. 4.3; CB330462, data not shown). GGPS catalyzes the
condensation of (E,E)-farnesyl diphosphate and IPP to produce diphosphate and
geranylgeranyl diphosphate (GGPP).
Recently two additional genes in the carotonoid pathway, farnesyl-diphosphate
synthase (FPPS) and lycopene β-cyclase (LCY-b) were isolated in sweetpotato (K. Burg
personal communication). In an effort to investigate as many genes in the pathway as
possible, primers were developed from the sequences supplied by K. Burg and expression
were measured using Q-RT-PCR. Neither of these genes was differentially expressed (Fig.
4.3). FPPS catalysis a reaction early in the pathway, between IPI and GGPS. The non-
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differential expression of GGPS and FPPS is not totally unexpected. FPP and GGPP are
precursors of a wide range of isoprenoids (Fig. 4.1). In the plastid these include
carotenoids, gibberellins, tocopherols, chlorophylls, and phylloquinones. LCY-b catalyses
the formation of β-carotene from lycopene and the formation of α-carotene from δcarotene. The non-differential expression of LCY-b might therefore be related to αcarotene and lutein synthesis. Ducreux et al. (2005) reported higher β-carotene and lutein
levels in S. tuberosum tubers transformed with pytoene synthase, but non-differential
expression of LCY-b between transformed and untransformed plants. It therefore seems
that LCY-b expression is not a rate-limiting step in this pathway.
It should also be kept in mind that different forms exist for several genes in the
carotenoid pathway. For example 11 members of the GGPS family have been identified in
A. thaliana (Cunningham Jr., 2002). Our study does not represent a comprehensive picture
of carotenoid biosynthesis in sweetpotato. However to our knowledge it is the first study to
investigate the expression of genes in this pathway in sweetpotato. Phytoene synthase
(PSY) has been shown to be a key rate-limiting enzyme in the carotenoid pathway (Taylor
and Ramsey, 2005). A substantial increase in β-carotene levels was observed in carrot
(Daucus carota L.) roots (Hauptmann et al., 1997), tomato (Lycopersicon esculentum
Mill.) fruit (Fraser et al., 2002), canola (Brassica napus L.) seed (Shewmaker et al., 1999),
A. thaliana seed (Lindgren et al., 2003) and S. tuberosum tubers (Ducreux et al., 2005)
after over-expression of PHY. PHY has not been isolated in sweetpotato despite recent
efforts (Burg and Berenyi, 2004). For further studies of the very important carotenoid
pathway in sweetpotato, it is essential that efforts to isolate this key gene should continue.
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Several genes associated with the chloroplast and the photosynthetic apparatus
were differentially expressed between ‘Jewel’ and ‘White Jewel’ (Table 4.2). A gene
(CB330938) with homology to light harvesting chlorophyll a/b-binding protein and one
(CB330505) with homology to photosystem II oxygen-evolving complex 23 were down
regulated in ‘White Jewel’. A 23-kDa oxygen-evolving-complex-like protein has been
implicated in a respiratory redox chain linked to phytoene desaturation in daffodil
(Narcissus pseudonarcissus L.) (Nievelstein et al., 1995). A gene (CB330580) with
homology to psbK (PSII K) protein and one (CB330720) with homology to photosystem II
protein I were up-regulated in ‘White Jewel’. Carrotenoids are water-insoluble and in nonphotosynthetic tissue carrotenoids accumulate in dedicated lipoprotein-sequestering
structures in chromoplasts (Bartley and Scolnik, 1995; Vishnevetsky et al., 1999). During
fruit ripening and flower development, chromoplasts are often derived from fully
developed chloroplasts (Marano et al., 1993; Whatley and Whatley, 1987) During this
transition the photosynthetic apparatus, including the thylakoid membranes are broken
down (Livne and Gepstein, 1988; Piechulla et al., 1987). Our results seem to indicate
differences between the chromoplast development of ‘Jewel’ and ‘White Jewel’. Previous
studies have indicated that sequestering of carotene in chromoplast (lipoprotein structures)
is more strongly related with carotenoid buildup than expression levels of genes in the
carotenoid biosynthetic pathway (Al-Babili et al., 1996; Deruere et al., 1994; Howitt, and
Pogson, 2006; Li et al., 2001; Paolillo et al., 2004; Pozueta-Romero et al., 1997; Rabbani
et al., 1998; Vishnevetsky et al., 1996).
Practically nothing is known about sweetpotato chromoplasts and their
development. Present knowledge of chromoplast development has focused on studies of
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fruits and flower petals, where chromoplasts develop from chloroplasts. However, in D.
carota roots, chromoplasts develop from non-photosynthetic plastids (Marano et al., 1993).
One would expect that chromoplasts in sweetpotato would follow a similar developmental
process. At this stage it is unclear how the differential expression of chloroplast-related
genes relate to chromoplast development in sweetpotato. The differential expression of
chloroplast-associated genes between ‘Jewel’ and ‘White Jewel’ roots indicate putative
differences in the plastids in these roots. However at this stage it is not possible to make
definitive conclusions about chromoplast development. Light and electron microscopy
studies of sweetpotato chromoplasts are sorely needed and would yield insight into this
important aspect of carotene content of sweetpotato roots.
Interestingly Park et al. (2002) showed that chlorophylls and carotenoids
themselves play an important role in chloroplast development. In a very elegant series of
experiments using virus-induced gene silencing (VIGS), Page et al. (2004) showed
disruption of plastids in leaves of plants where IPI has been silenced. In the current study
we observed down-regulation of IPI in ‘White Jewel’ and differential expression of
chloroplast-related genes. However it is not possible to determine cause and effect clearly.
The leaves in the Page et al (2004) study had a mottled, pale-white appearance, while the
expression of β-carotene in ‘White Jewel’ is more defined, with some accumulation in the
cambium area, but very little (or none) in the cortex region. The β-carotene pathway is still
functioning in ‘White Jewel’ as can be seen by the orange color of the cambium region.
The mutation affects mainly the cortex and central parenchymaous regions. A mutation
associated with tissue specific accumulation of β-carotene has been described in
cauliflower (Brassica oleracea var. botrytis) (Li et al., 2001; Paolillo et al., 2004). No
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dramatic changes were observed in expression of genes involved in the B. oleracea
carotenoid pathway, but structural modifications that allow β-carotene accumulation were
observed in plastids of the mutant. This mutation did not affect carotenoid composition in
leaves of flowers.
The signals and mechanisms that regulate carotenogenesis are still largely
unknown. Reactive oxygen species (ROS) have been implicated as secondary messengers
of this process in bell pepper (Capsicum annuum L.) (Bouvier et al., 1998). It is thought
that the regulation of carotenoids by ROS is related to the protection that extended
chromophores provide against oxidative stresses. Two genes related to ROS regulation,
thioredoxin peroxidase (CB330561) and gp91-phox (DV037363) were differentially
expressed between ‘Jewel’ and ‘White Jewel’. Thioredoxin peroxidase is a ROS
scavenger, while gp91-phox is part of the NADPH oxidase complex. NADPH oxidase
contributes to production of ROS and gp91-phox is induced by hydrogen peroxide in A.
thaliana suspension cultures (Desikan et al., 1998). Since thioredoxin peroxidase is downregulated in ‘White Jewel’ and gp91-phox is up-regulated, a higher level of ROS is
implicated in ‘White Jewel’. However in the Bouvier et al. (1998) study, oxidative stress
was associated with an increase in carotenoid synthesis in C. annuum. The differential
expression of gp91-phox is surprising since NADPH oxidase expression is usually
associated with pathogens or environmental stresses (Mittler 2002). Since chromoplasts in
C. annuum originate from actively photosynthesizing tissue (a source of ROS) and
sweetpotato chromoplasts do not, it is possible that the effects of ROS on carotenoid
synthesis in these tissues are different. Differences in the regulation of carotenogenesis and
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chromoplast development in fruits and flowers have been observed, particularly the
involvement of phytohormones in flowers (Vishnevetsky et al., 1999).
Fructose and glucose levels were significantly lower in ‘White Jewel’ than ‘Jewel’
(Fig. 4.4). However, sucrose levels were higher in ‘White Jewel’. In sweetpotato roots,
sucrose is degraded via sucrose synthase (Susy) to produce UDP-glucose and fructose (Li
and Zhang, 2003), which are then converted to hexose-phosphates used for starch synthesis
in the amyloplasts. The lower fructose and glucose levels, and higher sucrose levels
observed in ‘White Jewel’ are in agreement with the observed down-regulation of a gene
(DV034610) with homology to SuSy. These observations raises the question whether more
starch is produced in ‘Jewel’ since more fructose and glucose are available for starch
synthesis. However no significant differences were observed between dry weight or AIS of
‘Jewel’ and ‘White Jewel’ (Fig. 4.5). LaBonte et al. (2000) observed variations in fructose
and glucose levels of ‘Jewel’ storage roots during root development (7 to 19 WAT), but a
steady increase in sucrose during this period. Interestingly they also found that the two
cultivars (Travis and Beauregard) with the highest glucose and fructose levels also had the
lowest DW and AIS levels. It seems therefore that the amount of starch (measured as AIS)
is not related to the measured amount of glucose and fructose. These observations are in
agreement with observations in S. tuberosum, where several studies have shown that
elevated levels of hexose-phosphates do not translate to increased starch production
(Geigenberger 2003; Trethewey et al., 1998). Also, since no significant difference was
observed between AIS of ‘White Jewel’ and ‘Jewel’ it seems that the mutation does not
affect amyloplast development in storage roots.
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Our study represents the first effort to elucidate β-carotene synthesis and storage in
sweetpotato at the molecular level. Of the four genes in the carotenoid biosynthetic
pathway examined, only IPI were differentially expressed. However the differential
expression of plastid-related genes points to putative differences in plastid development
between ‘Jewel’ and ‘White Jewel’. This underscores recent observations in other plants
that plastid development plays an important role in carotenoid content of tissues. Future
research should include isolation of all the genes of the carotenoid biosynthetic pathway in
sweetpotato, and microscopic studies of chromoplast development in sweetpotatoes with
different β-carotene contents.
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CHAPTER 5: THE EFFECT OF SWEETPOTATO VIRUS DISEASE AND ITS
VIRAL COMPONENTS ON GENE EXPRESSION LEVELS IN SWEETPOTATO†*
5.1 Introduction
Sweetpotato (Ipomoea batatas (L.) Lam.; Convolvulaceae) is the seventh most
important food crop in the world, with annual world production of approximately 130
million metric tons. It ranks third among root and tuber crops worldwide (FAOSTAT data,
2005). Viral diseases, including those caused by mixed infections, are of major economic
importance in most production areas around the globe. The use of vegetative cuttings as a
principal propagation method provides viruses an efficient way to perpetuate and
disseminate between growing seasons as well as growing areas (Salazar and Fuentes,
2001). As many as 19 different viruses have been identified in sweetpotato and 11 of these
are currently recognized by the International Committee of Taxonomy of Viruses (ICTV)
(Kreuze, 2002).

The effects of these viruses on production range from minimal, to

completely devastating, depending on the infecting virus, virus complexes, and
sweetpotato cultivars involved.
The most important and devastating viral disease affecting sweetpotatoes
worldwide is sweet potato virus disease (SPVD). Yield losses of up to 90% have been
reported in plants affected with SPVD (Gutiérrez et al., 2003; Hahn, 1976; Ngeve, 1990).
SPVD is caused by a synergistic interaction between a potyvirus, Sweet potato feathery
mottle virus (SPFMV), and a crinivirus, Sweet potato chlorotic stunt virus (SPCSV).
Plants co-infected with SPFMV or other sweetpotato potyviruses and SPCSV exhibit
severe symptoms such as leaf strapping, vein clearing, leaf distortion, chlorosis, puckering,
†

This chapter is the product of equal participation in both original conceptual input and research execution by the author
of this dissertation and C.D. Kokkinos (PhD candidate, LSU Dept. of Plant Pathology and Crop Physiology).
*
Reprinted by permission of “Journal of the American Society for Horticultural Science”.

96

and stunting. The severity of symptoms, which develop first in the newly emerging
leaves, can be directly associated with the dramatic yield reductions observed (Salazar and
Fuentes, 2001). The time from initial infection to the appearance of symptoms varies
depending on age and size of the plant, with symptoms taking longer to develop on older
and bigger plants (Karyeija et al., 2000). SPVD has been reported in a number of African
countries, including Rwanda, Burundi, Uganda, Ghana, Nigeria, Kenya, Tanzania,
Zimbabwe (reviewed by Karyeija et al., 1998a), and Egypt (Ishak et al., 2003). Outside
Africa, this disease has been reported in Israel (Loebenstein and Harpaz, 1960), Spain
(Valverde et al., 2004) and Peru (Gutierrez et al., 2003). Since SPFMV is found wherever
sweetpotatoes are grown and SPCSV has recently been reported in China (Zhang et al.,
2005) and Korea (Yun et al., 2002), SPVD is thus likely to occur in these countries as well.
In Argentina, a similar synergism, known as chlorotic dwarf, has been reported that also
includes a third virus, sweet potato mild speckling virus (Di Feo et al., 2000).
SPFMV, a member of the Potyviridae family and the Potyvirus genus, is
transmitted by a number of aphid species, including Aphis gossypii Glover and Myzus
persicae (Sulzer). Plants infected with SPFMV alone, often are symptomless or exhibit
mild symptoms and the yield losses are usually minimal (Clark and Hoy, 2006; Gutiérrez
et al., 2003). The titers of SPFMV in these plants are similarly low (Kokkinos and Clark,
2006). However, the titers increase dramatically when plants are co-infected with SPCSV
(Karyeija et al., 2000; Kokkinos and Clark, 2004), with a corresponding increase in the
severity of disease symptoms and yield loss. SPFMV is common wherever sweetpotatoes
are grown (Brunt el al., 1996). In the United States two strains of SPFMV, the common
strain (SPFMV-C) and the russet crack strain (SPFMV-RC) are recognized. However,
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SPFMV-C does not cause typical SPVD symptoms in the presence of SPCSV. Symptoms
are usually mild and transient or typical of single infections with SPCSV (Souto et al.,
2003).
Infection of sweetpotatoes with the whitefly-transmitted [Bemisia tabaci
(Gennadius) and Trialeurodes abutilonea (Haldeman)], phloem-limited crinivirus (family
of Closteroviridae) SPCSV alone can lead to mild to moderate symptoms, with yield losses
of up to 43% (Gutiérrez et al., 2003). This virus consists of two distinct strain groups, the
East African (EA) and West African (WA), both of which are able to cause synergistic
disease interaction with SPFMV (Ishak et al., 2003; Tairo 2005). The titers of this virus
are relatively high in infected plants. Interestingly, the titers remain the same or are
reduced after co-infection with SPFMV (Karyeija et al., 2000; Kokkinos, 2006). To date,
SPCSV has only been found in the U.S. in a tissue culture accession and not in the field
(Pio-Ribeiro et al., 1996).
Efforts to breed for resistance to SPVD have until now focused mainly on breeding
for resistance to SPFMV and many sweetpotato cultivars are reasonably resistant to
SPFMV (Gibson et al., 1998). Efforts to use SPFMV resistance to breed for SPVD
resistance have been unsuccessful because the SPFMV resistance is broken when plants
are co-infected with SPCSV (Karyeija et al., 1998b). The mechanism underlying the
synergistic interaction between SPFMV and SPCSV and its effect on the host’s response to
infection are not known.

It is possible that other molecular interactions in the dual

infection process may provide better opportunities for resistance to SPVD than narrowly
focusing on resistance to SPFMV. Understanding this phenomenon is essential if breeding
for resistance to SPVD is going to be successful. An understanding of host-pathogen
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interactions on the molecular level can provide new insights into the effect of the
synergism between SPFMV and SPCSV on the host, and can lead to new approaches in
breeding for resistance to SPVD.
Microarray technology (Schena et al., 1995) makes possible the assessment of
relative gene expression levels of thousands of genes simultaneously. Genes from the
organism under investigation (sweetpotato in this case) are spotted on a glass slide, which
is then hybridized with mRNA from different treatments.

The use of two different

florescent dyes makes it possible to hybridize two treatments (or a treatment and control)
on a single array. After hybridization the array is scanned using a fluorescent scanner and
computer software is used to extract intensity values from the image. Statistical analysis
of the data makes it possible to determine which genes are differentially expressed
between treatments. Microarrays have already been used to investigate host-pathogen
interactions in plants (De Vos et al., 2005; Dowd et al., 2004; Gibly et al., 2004; Moy et
al., 2004) and other organisms (for review see Kato-Maeda et al., 2001). Virus associated
host-pathogen interactions have been studied in a range of organisms, from humans (Zhu
et al., 1998) to Arabidopsis thaliana (L.) Heynh., (Golem and Culver, 2003; Whitham et
al., 2003). In this paper we report the use of sweetpotato cDNA microarray technology in
an effort to better understand the effect of the synergistic interaction between SPFMV and
SPCSV on the host’s response to infection.

This study represents the first effort to

investigate the effect of SPVD and its viral components on gene expression of sweetpotato.
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5.2 Materials and Methods
5.2.1 Plant Material and Inoculations
Ipomoea setosa Ker-Gawl., seedlings mechanically inoculated with the russet crack
strain of SPFMV (SPFMV-RC, isolate 95-2), and I. batatas cv. Beauregard plants infected
with SPCSV (isolate BWFT-3) alone were grown in the greenhouse to generate the scions
that were used to graft-inoculate clonally propagated plants of virus-tested [virus-tested
(VT) plants are tested for and found apparently free of viruses by grafting three times to an
indicator host, I. setosa] I. batatas cv. Beauregard. Test plants were graft-inoculated three
weeks after planting. A single wedge graft per virus was performed and individuals on
which the scion(s) survived for at least three weeks were selected and used in this study.
The experiment consisted of the following four treatments in a randomized complete block
design: VT (not inoculated), SPFMV-RC (VT plants graft inoculated with SPFMV-RC
alone), SPCSV (VT plants graft inoculated with SPCSV alone) and SPVD (VT plants graft
inoculated with SPFMV-RC and SPCSV simultaneously). Each treatment was replicated
six times. Plants were grown under standard greenhouse conditions in 15-cm-diameter
clay pots containing autoclaved soil mix consisting of 1 part river silt, 1 part sand, 1 part
Jiffy-Mix Plus (Jiffy Products of America Inc., Norwalk, Ohio) and 3.5 g per pot of
Osmocote 14N-6.1P-11.6K (Scotts-Sierra Horticultural Products Company, Marysville,
Ohio). A weekly insecticide spray program was used to control aphids and whiteflies. At
nine weeks after inoculation the first four fully opened leaves from the top of each test
plant were collected, combined and immediately frozen in liquid nitrogen and stored at -80
°C until extraction. Nine weeks after inoculation was selected as the collection date to
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ensure better uniformity in virus titers (Kokkinos and Clark, 2006) and symptom
development between biological replicates.
5.2.2 RNA Isolation, Labeling and Array Hybridization
Total RNA was extracted from six plants of each treatment. After leaf materials
were ground with a mortar and pestle in liquid nitrogen, approximately 0.8 g were used to
extract total RNA using the RNeasy Maxi Kit (Qiagen, Valencia, Calif.) according to the
manufacturer’s instructions. The RNA was further cleaned and concentrated by using the
clean-up procedure as described in the RNAeasy Mini Kit Manual (Qiagen). During both
steps, DNase I digestion was carried out on the column as recommended by the
manufacturer.
For each sample, 10 µg of total RNA was labeled using the SuperScript Indirect
cDNA Labeling System for DNA Microarrays (Invitrogen, Carlsbad, Calif.) according to
the manufacturer’s protocol. Samples were labeled with Cy3 or Cy5 fluorescent labels
(Amersham Biosciences, Piscataway, N.J.) and hybridized onto arrays in a connected loop
design. (Rosa et al., 2005) using the Pronto hybridization kit (Corning Incorporated, Life
Sciences, Corning, N.Y.). To limit dye effects, the order of the treatments in the loops, as
well as the direction of labeling were varied. The order of samples in the loops and the
direction of the labeling were different for different loops to ensure that a specific
comparison in the loop is not always labeled with the same dye and hybridized together on
the same array.
5.2.3 The ARCS_SP02/2 Array
The sweetpotato ARCS_SP02/02 array contains 3,600 features, spotted in triplicate
with a Genemachines Omnigrid microarray printer (GeneMachines, San Carlos, Calif.) on
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Corning GAPSII slides (Corning). The arrays were printed and supplied by Silvia Fluch at
ARC Seibersdorf research GmbH (Biogenetics/Natural resources, 2444 Seibersdorf,
Austria). The array contains 2,765 features from sweetpotato leaf and sweetpotato storage
root libraries as well as control features, including non-plant features, spotting buffer
features and blanks. The sequence information for the sweetpotato cDNA features spotted
on the array is available online in GenBank.
5.2.4 Array Scanning, Image Quantification and Statistical Analysis
Arrays were scanned with an AlphaArray Reader (Alpha Innotech, San Leandro,
Calif.) and spots were detected and quantified using UCSF Spot (Jian et al., 2002). After
comparing the effects of different normalization methods using MA-plots (the intensity
log-ratio, M vs. the mean log intensity, A) (Dudoit et al., 2002), and spatial image plots,
data were normalized within (print-tip LOESS) (Smyth and Speed, 2003) and between
slides (scaled).

Linear models (Smyth, 2004) were fitted for comparisons between

treatments and genes were considered differentially expressed if P <0.05 after applying the
Holm (1979) multiple testing correction. All normalizations and statistical analyses were
carried out using limmaGUI software (Wettenhall and Smyth, 2004).
5.2.5 Quantitative Real-Time Polymerase Chain Reaction (Q-RT-PCR)
Two-step Q-RT-PCR was carried out for seven genes using RNA from the six VT
and six SPVD affected plants. First-strand cDNA synthesis was carried out using the
SuperScript III First-Strand Synthesis System for RT-PCR (Invitrogen) and the resulting
product was diluted by adding 40 µL water. One microliter of the dilution was used for QRT-PCR on the ABI PRISM 7000 Sequence Detection System using SYBR Green PCR
Master Mix (Applied Biosystems, Foster City, Calif.) and 600 nM of each primer (Table
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5.1) in a final volume of 25 µL. The following PCR protocol was followed: 95 ºC for 10
min, followed by 40 cycles of 95 ºC for 15 s and 55 ºC for 1 min. Amplifications from
18S ribosomal RNA specific primers (Applied Biosystems) were used to normalize data
and dissociation curves were used to detect nonspecific amplification.

Significant

differences (P <0.05) between treatments were determined using a t-test (variances not
assumed equal) of normalized values.
5.2.6 Functional Classification of Genes
Gene descriptions were obtained by comparison of sequences to GenBank and A.
thaliana protein sequences (TIGR) (BLASTX E-value < 1E-5). Functional classification
of genes in Table 5.2 was based on information from the Munich Information Center for
Protein Sequences (MIPS) (Schoof et al., 2002).

Table 5.1. Quantitative real-time polymerase chain reaction (Q-RT-PCR) primers used for
validation of sweetpotato microarray results. The primers were designed using Primer
Express (version 2.0) (Applied Biosystems).
Gene
Cat2

GenBank
Accession
DV036659

ERD15

CB330921

TIR-NBS-LRR

DV036322

HSP70-1

DV037387

LHCB3

CB330249

Ankyrin

DV036499

MT2A

CB330120

Primer
Name
Fwd
Rev
Fwd
Rev
Fwd
Rev
Fwd
Rev
Fwd
Rev
Fwd
Rev
Fwd
Rev

103

Sequence 5’-3’
GGGCCAATTCTGTTGGAAGA
TCTGGGATCCTTTCACGAGTG
CCAGCAGCAGGGAACAGAAT
CATCGAGATCAATGGTATCAGGC
TCACCTCTTTGCAGCGTTGT
GTCCTTTACGGAGCTCTTCTTCAT
CTTGGTCTTGAAACTGCCGG
TTCTTGGTGGGAATGGTGGT
TTTTCTGCCCAAACTCCTTCAT
AAACCAGCAGTGTCCCATCC
CATGTCCACCATGCTTGAGAGT
TGCGTGCCATTCGTTCTTC
CGGGTGCAAGATGTACCCAG
CGCCAAGAACAAGGGTCTCA

5.3 Results
The number of genes differentially expressed between virus tested (VT) plants and
the three treatments varied. Between VT and SPFMV-RC, and VT and SPCSV, only three
and 14 genes were differentially expressed, respectively, compared to 216 between VT and
SPVD (Table 5.2). The number of differentially expressed genes was analogous to the
severity of symptoms observed in the three viral treatments. At the time leaf samples were
collected from SPFMV-RC-infected plants, and throughout the time period between
inoculation and sample collection, no symptoms were observed, typical of single potyvirus
infections (presence of the virus was confirmed by grafting of scions from test plants to I.
setosa). Symptoms of SPCSV-infected plants at the time of collection however, were
distinct and characteristic of SPCSV single infections and included interveinal chlorosis
and mild purpling. As expected, the most severe symptoms were observed with SPVDaffected plants, which exhibited vein clearing, leaf distortion, chlorosis, puckering, and
overall stunting. When comparing VT plants and plants infected with SPCSV alone, only
three of the 14 differentially expressed genes were suppressed by SPCSV. One of these
genes, plastocyanin, was suppressed in all virus-infected treatments. Of the 216 genes
differentially expressed between VT and SPVD affected plants, 93 genes were induced in
SPVD and 123 suppressed. Many of the genes suppressed in SPVD affected plants are
related to photosynthesis and metabolism. Of the induced genes, many are involved in
protein synthesis and protein fate (Table 5.2).
Q-RT-PCR analysis was carried out for seven genes determined to be differentially
expressed between VT and SPVD affected plants by microarray analysis. All seven
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Table 5.2 Selected genes in sweetpotato differentially expressed (P <0.05 after Holm multiple testing correction) between virustested (VT), Sweet potato feathery mottle virus russet crack strain-infected (SPFMV), Sweet potato chlorotic stunt virus-infected
(SPCSV), and plants infected with SPFMV and SPCSV (SPVD).
GenBank
ID

Putative Gene Description

Cell rescue, defense and virulence
CB330627
Bet v I allergen family protein
DV036659 catalase 2
DV035471 disease resistance protein (CC-NBS-LRR class)
DV036322 disease resistance protein (TIR-NBS-LRR class)
CB330666
metallothionein-like type 1 protein
CB330120
metallothionein protein, putative (MT2A)
CB330891
NDR1/HIN1-like protein
CB330630
peroxidase 42 (PER42) (P42) (PRXR1)
CB330206
Rac-like GTP-binding protein (ARAC10)
CB330564
trigger factor type chaperone family protein
Protein synthesis and protein fate
DV035469 20S proteasome beta subunit E, putative
DV034935 30S ribosomal protein S13, chloroplast
DV034886 40S ribosomal protein S3 (RPS3C)
DV037420 40S ribosomal protein S10 (RPS10C)
DV037214 60S ribosomal protein L13A (RPL13aB)
CB330735
60S ribosomal protein L26 (RPL26A)
DV036489 60S ribosomal protein L31 (RPL31A)
CB330088
60S ribosomal protein L36a/L44
CB330146
elongation factor 1B-gamma, putative
CB329890
eukaryotic translation initiation factor 2B family protein
CB330048
cyclophilin-type family protein
CB330102
polyubiquitin (UBQ10) / senescence-associated protein
CB330070
subtilase family protein
Metabolism
CB330699
adenine phosphoribosyltransferase, putative
DV037724 adenosine kinase 2 (ADK2)
CB330084
cinnamyl-alcohol dehydrogenase (CAD), putative
CB330293
coproporphyrinogen III oxidase, putative
DV037506 eukaryotic translation initiation factor 5A-1 (eIF-5A 1)

Evaluea

4E-24
1E-103
6E-08
4E-31
3E-16
4E-06
8E-10
2E-27
5E-89
5E-98
5E-31
3E-50
1E-104
1E-48
1E-107
1E-48
9E-40
2E-45
2E-48
1E-136
5E-42
2E-77
1E-35
1E-83
8E-83
1E-104
3E-45
4E-59
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c

VT SPFMV

-0.46

c

VT SPCSV

-0.76

M-valuesb
VTcSPFMVSPVD
SPCSV
0.68
-0.62
-0.40
-0.47
-0.89
0.43
-1.02
0.55
0.72
0.72

SPFMVSPVD

SPCSV
-SPVD

0.63

0.50

-0.44
-0.42

-0.43
-0.48
-0.46

-0.97
0.48
0.71
0.77

-0.61
-0.56
-0.79
-0.50

-0.89
0.52

-0.68
-0.69
-0.52

-0.71
-0.44

-0.74
0.37
-0.80
0.65
0.54
-0.61
-0.53
0.77

-0.73
0.39
-0.73
0.59
0.48
-0.66
-0.77
0.63

-0.68
0.41
-0.74
0.48

0.36
-0.42
0.33
1.03
-0.50

0.35

-1.08

-1.14

0.73
-0.57

-0.63
-0.52
0.54

0.36
0.67
-0.46
table cont.

CB330285
CB330640
CB329981
CB330405
CB330166
CB330355
CB330544
CB330622

ferredoxin-thioredoxin reductase, putative
fructose-bisphosphate aldolase, putative
glucose-6-phosphate isomerase, putative
glutamate:glyoxylate aminotransferase 2 (GGT2)
glyceraldehyde-3-phosphate dehydrogenase, cytosolic
glycine cleavage system H protein, mitochondrial
phosphoglycolate phosphatase, putative
ribulose bisphosphate carboxylase small chain 2B /
RuBisCO small subunit 2B (RBCS-2B) (ATS2B)
DV035761 shaggy-related protein kinase kappa
DV037227 sterol desaturase family protein
CB330375
terpene synthase/cyclase family protein
Transcription
CB329931
CBS domain-containing protein
DV035417 CCR4-NOT transcription complex protein, putative
CB330050
pentatricopeptide (PPR) repeat-containing protein
CB330261
PHD finger family protein
CB330874
RNA polymerase II mediator complex protein-related
Energy
DV035668 ATPase alpha subunit
CB330656
chlorophyll A-B binding protein / LHCI type I (CAB)
CB330553
chlorophyll A-B binding protein (LHCA3.1)
CB329932
chlorophyll A-B binding protein (LHB1B2)
CB330898
chlorophyll A-B binding protein (LHCB2.2)
CB330249
chlorophyll A-B binding protein (LHCB3)
CB330265
cytochrome B6-F complex iron-sulfur subunit,
chloroplast / Rieske iron-sulfur protein / plastoquinolplastocyanin reductase (petC)
CB330941
cytochrome c oxidase subunit Vc family protein /
COX5C family protein
Subcellular localization
DV037573 tubulin alpha-6 chain (TUA6)
Transport
CB330313
acyl carrier family protein / ACP family protein
DV037387 heat shock protein 70 (HSP70-1)
CB330259
ferredoxin, chloroplast (PETF)
CB330095
lipid transfer protein 3 (LTP3)
CB330457
lipid transfer protein (LTP) family protein

5E-27
3E-64
6E-86
5E-32
1E-159
7E-25
2E-75
3E-62

0.66
0.90
0.55
0.49
0.48
0.60
0.68
1.15

0.75
0.96

0.67
1.23

0.59
0.55
1.05

0.55
1.34

7E-57
7E-58
2E-28

0.76
-0.55
0.81

0.59
-0.56
0.67

0.56
-0.54
0.81

4E-88
6E-62
1E-98
5E-29
4E-22

0.42
-0.53
1.04
0.63
0.55

0.89

-0.49
0.81

1E-63
1E-108
1E-127
6E-99
1E-137
1E-123
6E-84

0.70
0.80
0.95
0.68
1.29
0.67
0.66

0.66
0.71
0.84
0.63
0.94
0.64
0.71

4E-22

0.54

0.50

5E-52
1E-44
1E-117
2E-33
7E-20
3E-28

0.50
0.66
0.62
0.85
0.54
0.79
0.64
0.67

0.50
-0.51
0.66
-0.80

0.59
-0.50
0.75
-0.82

-0.45
0.67
-1.09

0.48
table cont.
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Interaction with the environment
DV034646 gibberellin-regulated protein 5 (GASA5)
Signal transduction
CB330823
mitogen-activated protein kinase / MAPK, putative
DV035511 receptor-like protein kinase, putative
Unclassified proteins
DV035493 26S proteasome regulatory subunit S2 (RPN1)
DV036499 ankyrin repeat family protein
CB329954
BTB/POZ domain-containing protein
DV035142 chloroplast nucleoid DNA-binding protein-related
CB330921
dehydration-induced protein (ERD15)
CB330447
DNAJ heat shock N-terminal domain-containing protein
DV036723 dormancy-associated protein, putative (DRM1)
CB330810
emp24/gp25L/p24 protein-related
DV037327 epoxide hydrolase, putative
CB330021
fructosamine kinase family protein
CB330841
Ferredoxin I, chloroplast precursor
CB330388
hevein-like protein (HEL)
DV035503 methyltransferase MT-A70 family protein
DV036783 myb family transcription factor
DV035732 pentatricopeptide (PPR) repeat-containing protein
CB330263
photosystem II 10 kDa polypeptide
CB330912
photosystem II core complex proteins psbY, chloroplast
CB330154
plastocyanin
DV037560 polygalacturonase inhibiting protein 2 (PGIP2)
DV036718 Reticulon family protein (RTNLB3)
DV034984 Riboflavin synthase
CB330073
senescence-associated family protein
DV037482 Sporamin (Kunitz type trypsin inhibitor family)
CB330386
SWIB complex BAF60b domain-containing protein
DV037510 TATA-binding protein-associated factor TAFII55 family
protein
CB330112
wound-responsive family protein
DV034644 yippee family protein
DV035849 zinc finger (C2H2 type) family protein

3E-33

-0.57

-0.61

-0.54

5E-70
2E-19

-1.31
-0.60

-1.42
-0.64

-0.58

-0.40
0.44
0.51
-0.58
-0.45

0.46
-0.55
-0.52

8E-08
1E-63
4E-56
7E-39
1E-31
2E-21
1E-30
1E-99
1E-27
1E-144
5E-33
9E-48
6E-57
5E-25
1E-79
3E-42
1E-29
1E-51
2E-55
3E-61
3E-28
3E-61
0.0
8E-33
3E-58
3E-24
1E-17
2E-99

a

-0.51

-0.78

0.43

-0.83
-0.49

-0.66
0.76
0.50

0.55

-0.55
0.59
0.62
-0.63
0.56
-0.45
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-0.66
-0.55

-0.43

-0.40
0.97
1.13
0.83
-0.38
-0.74
-0.37
-0.70

-0.65

-0.58

-0.42
0.97
0.87

-0.52
-0.35
0.63
0.90

-0.42
-0.71

-0.34
-0.68

-0.73

0.71
-0.53

0.65
-0.54

-0.75
0.65
0.51
-0.44

-0.67
-0.81

-0.46
-0.46

-0.44
-0.44

-0.72

-0.79

-0.50

Expectation value. The lower the E value, the more significant the score.
M-values = log2 (fold change).
c
Possitive and negative M-values denote higher and lower expression levels in VT treatment respectively.
b

-0.61

Table 5.3. Comparison of average fold-change values between quantitative real-time
polymerase chain reaction (Q-RT-PCR) and microarray assays of randomly selected genes
differentially expressed in SPVD-affected sweetpotato plants compared to virus-tested
controls. Positive fold changes denote down-regulation, while negative values represent
induction in SPVD affected plants. All fold changes were statistically significant using a
P-value cutoff of 0.05 (after Holm multiple testing correction for microarray data).
Gene Name
catalase 2
dehydration-induced protein (ERD15)
disease resistance protein (TIR-NBS-LRR)
heat shock protein 70 (HSP70-1)
chlorophyll A-B binding protein/LHCII
type III (LHCB3)
ankyrin repeat family protein
metallothionein protein, putative (MT2A)

GenBank
ID
DV036659
CB330921
DV036322
DV037387
CB330249

Fold Change
Q-RT-PCR Microarray
-1.47
-1.54
-2.13
-1.37
-2.35
-1.85
-1.73
-1.42
3.74
1.59

DV036499
CB330120

1.38
1.40

1.36
1.35

genes were also significantly differentially expressed (P <0.05) using Q-RT-PCR with fold
changes comparable to microarrrays (Table 5.3).

This reinforces our assumptions

regarding significant differential expression based on limmaGUI analyses.
5.4 Discussion
During their infection cycles, viruses need plant proteins for accumulation and
movement. Gene expression in the host is affected by virus infection. The host plant can
respond to an infection by activating specific or general resistance pathways (Whitham et
al., 2003). By determining which genes are differentially expressed in the host during
infection, we hope to elucidate how the response of sweetpotato plants to dual infections of
SPFMV and SPCSV differs from response to single infections.
The reduction of expression levels of genes that are directly or indirectly involved
in the overall photosynthetic pathway, clearly observed in the SPVD-affected plants in this
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study, is a phenomenon commonly observed in yellow diseases and leaves of plants
showing typical chlorotic or mosaic symptoms as a result of virus infection (Hull, 2002).
Our data support previous reports, which indicate that the reduction in photosynthesis,
observed in virus infected plants, is correlated with the reduction of photosynthetic
pigments, rubisco, and specific proteins associated with photosystem II (Naidu et al., 1986;
van Kooten et al., 1990) and reduced activity of the crassulacean acid metabolism (CAM)
(Izaguirre-Mayoral et al., 1993).

As expected, the effect on expression levels of

“photosynthetic” genes in plants infected with either SPFMV or SPCSV alone was
minimal since these viruses, when infecting this particular sweetpotato cultivar alone,
cause mild and transient symptoms.
Plant resistance genes (R genes) are able to recognize pathogens carrying the
corresponding avirulence genes (gene-for-gene resistance). This recognition triggers the
hypersensitive response (HR), which includes programmed cell death (PCD). The HR is
often preceded by the accumulation and production of reactive oxygen species (ROS),
including hydrogen peroxide (H2O2) (Glazebrook, 2001). Several genes, which were
differentially expressed only in plants affected by SPVD, were identified as resistancerelated or stress-induced genes. Interestingly, some of these genes were down-regulated
whereas others were up-regulated. Two putative R genes, one belonging to the TIR-NBSLRR class (DV036322) and the other belonging to the CC-NBS-LRR class (DV035471)
were induced in SPVD affected plants. A NDR1/HIN1-like (CB330891) gene, known to
be required by most CC-NBS-LRR class resistance genes in A. thaliana (Aarts et al., 1998)
was also induced in SPVD. DV036322 shows homology to At5g17680.1 of A. thaliana,
while DV035471 is homologous to At1g58602.1. These genes are similar to ones that
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encode known disease resistance proteins rpp8 and RPP1-WsB, respectively. To our
knowledge, no R genes have been reported, nor is there previous evidence for gene-forgene resistance in sweetpotato. It is probable that these two genes play some other role in
sweetpotato, possibly in apoptosis or ATP-binding.
One of the genes found to be down-regulated in SPVD, encodes a product
belonging to the ankyrin repeat-containing protein family (DV036499). In transformed A.
thaliana, an ankyrin repeat-containing protein was found to be directly associated with the
oxidative metabolism of the host’s resistance to disease and stress response (Yan et al.,
2002). The down-regulation of ankyrin was accompanied by increased levels of ROS such
as H2O2. The down regulation of the ankyrin gene in SPVD affected plants may be
indirectly associated with the up-regulation of some of the other stress response genes,
reported in this study through the activity of ROS, or the gene may simply be repressed by
the virus. However, in some cases excessive amounts of these toxic compounds interfere
with the efficiency of the host to restrict pathogen infection (Moreno et al., 2005).
A particularly interesting gene that is up-regulated in SPVD compared to all other
treatments is eukaryotic translation initiation factor 5A (eIF-5A) (DV037506).

This

protein factor contains the unique amino acid, hypusine. In A. thaliana there are three
isoforms of eIF-5A, two of which are involved in senescence and the other one in cell
division (Gatsukovich, 2004; Thompson et al., 2004). Transgenic A. thaliana plants with
decreased deoxyhypusine synthase (DHS) levels, the enzyme that is required for eIF5A
activation, showed increased resistance to lethal drought stress (Wang et al., 2003). In
humans it is a crucial co-factor of the Rev pathway (Hoffman et al., 2001) essential for
HIV1 replication (Pollard and Malim, 1998). Suppression of DHS has been suggested as a
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mechanism for antiretroviral therapies (Hauber et al., 2005). The up-regulation of eIF-5A
in SPVD is most likely related to leaf senescence. However the possibility that eIF-5A has
an additional role in virus replication (as in humans) cannot be excluded.
Another group of gene products implicated in the responses of plants to pathogens
and other stresses are peroxidases (Lagrimini and Rothstein, 1987; Yan et al., 2002).
Peroxidases have been shown to be involved in scavenging of H2O2 from peroxisomes
(Wang et al., 1999). The down-regulation of a peroxidase gene (CB330630) in SPVDaffected plants that may be associated with the prevention of downstream activation of
ROS-dependent host defense responses, suggests that the differential expression of this
gene is directed by the two interacting viruses.
Many of the pathogen-related (PR) proteins exhibit enzymatic activities. A major
group of such pathogenesis related proteins, reported from tomato plants, are proteases.
These proteases are involved in specific proteolytic events in the extracellular matrix
during infection. (Tornero et al., 1997; Vera and Conejero, 1988). A member of this
group (PR-P69), which was later identified as subtilisin-like proteases (Tornero et al.,
1996), was induced in plants infected with citrus exocortis viroid (Vera and Conejero,
1988). In this experiment, a subtilase gene (CB330070) was down-regulated only in
SPVD affected plants. This and other down-regulated PR genes reported in this study
(Table 1) may play an important role in this host’s defense mechanism since their
transcriptional suppression, caused only by the interacting viruses, may be linked to the
severe disease development observed in SPVD-affected plants.
Epoxide hydrolase (DV037327), induced in SPCSV plants, is also induced in
tobacco (Nicotiana tabacum L.) leaves infected with TMV (Guo et al., 1998). Catalase II

111

(DV036659), an enzyme that breaks down H2O2 and is inhibited by salicylic acid (Conrath
et al., 1995), is induced in SPVD affected plants. In tomato plants infected with cucumber
mosaic virus (CMV) and D satellite RNA, the induction of catalase II was associated with
accumulation of H2O2 (Xu et al., 2003). ERD15 (CB330921), a gene that has been shown
to be induced by the addition of external H2O2 in A. thaliana (Dunaeva and Adamska,
2001), was also up-regulated in SPVD plants. ERD15 was first identified as a drought
responsive gene (Kiyosue et al., 1994), but was also induced in A. thaliana plants
inoculated with plant-growth-promoting rhizobacteria (PGPR) (Timmusk and Wagner,
1999).

These plants were more resistant to Erwinia carotovora and drought stress.

Timmusk and Wagner (1999) speculated that the unexpected induction of ERD15 was a
result of stunting of roots of inoculated plants. Our results suggest a probable role for
ERD15 in general stress response.
The induction of polyubiquitin (CB330102) and heat-shock protein 70 (HSP70)
(DV037387) during virus infections have been reported earlier (Aranda et al., 1996;
Escaler et al., 2000; Whitham et al., 2003). Glotzer et al. (2000) reported that induction of
HSP70 and HSP40 promote adenovirus infection. Our results indicate that HSP70 was
induced in SPVD compared to all other treatments. It is unclear whether this indicates
non-transient accumulation of HSP70, or is due to new cells continuously inducing HSP70
transiently as they become infected (Whitham et al. 2003). It should be noted that HSP70
was not induced in SPCSV. Like other members of Closteroviridae, SPCSV encodes it’s
own HSP70 homolog (Kreuze et al., 2002) that assists with movement through the
plasmodesmata (Prokhnevsky et al., 2002). Aparicio et al. (2005) recently showed that
induction of HSP70 is a general response to protein accumulation in the cytosol. The
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induction of HSP70 in SPVD may be due to protein accumulation associated with
increased levels of SPFMV during the dual infection. The function of HSP70 for virus
families, other than Closteroviridae has not been proven, but a similar role in cell-to-cell
trafficking seems likely (Aoki et al., 2002; Aparicio et al., 2005).
The induction of host PR genes during the course of a severe disease, as in SPVDaffected plants, has also been reported by Xu et al. (2003). The induction of multiple
defense responses in tomato plants (Lycopersicon esculentum Mill.) infected with CMV
and D satellite RNA were insufficient in conferring any form of resistance resulting even
in plant death. Since infection without the D satellite RNA does not lead to any severe
outcome, it appears that these two phenomena, dual infection with SPCSV and SPFMV,
and CSV and D satellite RNA, may trigger similar responses in the host.
A caveat to the present study is that the genes on the array represent only a small
proportion of the total sweetpotato genome.

Many genes that may be differentially

expressed are not detected in this study. Some of these may be critical in understanding
host-pathogen relationships and the underlying factors that promote the synergistic
response in sweetpotato.
Since SPVD and its viral components were first described by Schaefers and Terry
(1976), several hypotheses on the mechanism underlying this disease have been formulated
(Kreuze, 2002). One suggests that SPCSV suppresses the resistance mechanism in the
host, leading to enhanced multiplication of SPFMV. Another proposed mechanism
involves a form of interaction between the two viruses (HC-Pro of SPFMV and P-Pro of
SPCSV) leading to enhancement of SPFMV.
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It was further hypothesized that the

symptoms of SPVD were induced primarily as a result of the enhanced replication of
SPFMV.
It is known that SPCSV, a phloem-limited virus, does not exit the phloem even
when coinfecting with SPFMV (Karyeija et al., 2000). Furthermore, SPCSV, whose titers
are significantly greater than those of SPFMV in single infections, remains relatively
unchanged or is reduced during SPVD (Karyeija et al., 2000; Kokkinos, 2006). Kokkinos
(2006) and Mukasa (2004) showed that SPCSV enhances replication of several potyviruses
in sweetpotato. However, SPFMV-C does not interact with SPCSV to cause the same
SPVD symptoms even though its titer is similarly enhanced as that of SPFMV-RC
(Kokkinos, 2006). This suggests that enhancement of potyvirus replication by itself is not
sufficient to induce the severe symptoms associated by SPVD. Kreuze et al. (2005)
recently described two proteins, RNase III and p22, of SPCSV that suppress RNA
silencing in Nicotiana benthamiana. Interestingly, agronaute 1 (AGO1), a gene involved
in RNA silencing (Okamura et. al., 2004), was not differentially expressed among any of
the treatments in the present study (data not shown). It has been reported that AGO1
mutants in A. thaliana are impaired in virus resistance (Morel et al., 2002), but a recent
study showed that AGO1 does not recruit virus-derived siRNAs (Baumberger and
Baulcombe, 2005). Since the mechanism by which SPCSV RNase III and p22 suppress
RNA silencing remains to be elucidated, it is difficult to speculate on how the expression
of host RNA silencing-related genes would be affected. Finally, the present study did not
show any clear indication why certain defense related genes were up regulated and some
were down regulated or why so many more genes were differentially expressed in the duel
infections.
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Future host gene expression studies should include other virus combinations,
including SPFMV-C, as well as resistant cultivars if they are available. In addition, the
study should be broadened to include several time points after infection and an array where
more sweetpotato genes are represented.
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CHAPTER 6: SUMMARY AND CONCLUSIONS
All the research described in this study relates to the use of microarray technology
to investigate important aspects of sweetpotato development, physiology and response to
virus infection. Before applying this technology to elucidate these processes, I had to
ensure that valid results could be obtained using this technology. Therefore an initial
experiment was designed to determine the number of replicates required and to test two
free image analysis software packages. The results I obtained were compared to results
obtained with quantitative reverse transcription-polymerase chain reaction (Q-RT-PCR)
for a small subset of genes. Q-RT-PCR is considered by many to be the gold standard of
expression studies and the majority of peer-reviewed journals require that researchers
show that they obtain similar results from microarray analysis and Q-RT-PCR analysis. As
expected, better results were obtained using six replicates than four replicates. The fact that
approximately 20% more genes were identified using six replicates and that the results
were more in line with Q-RT-PCR results, convinced me that it was worth the extra time
and effort to use six replicates. The results from the comparison of image analysis
softwares were less clear-cut, with TIGR Spotfinder yielding better results when four
replicates were used and UCSF Spot yielding superior results when six replicates were
used. UCSF Spot had the added advantage that it was a fully automated system and a
single array could be processed in approximately 20 minutes. I concluded that I could
obtain valid microarray results using six replicates and UCSF Spot. Therefore, all further
studies described here used this protocol that proved to be most in agreement with Q-RTPCR results.
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The process of storage root development is the most economically important
process in sweetpotato production and therefore gene expression was compared between
fibrous and storage roots. Although various studies have identified genes with a putative
role in this process, the research described here represents the first large-scale effort to
elucidate this process. The results were in line with current knowledge of sugar, starch and
sporamin production. This confirms my assessment that valid results could be obtained
from these microarray protocols. Since Q-RT-PCR can only be carried out on a limited
number of genes, it is important to also evaluate microarray validity alongside prior
knowledge about the process that is being investigated. Several transcription factors were
identified with putative roles in storage root development as well as a probable role for
auxin in this process. Microarray experiments identify candidate genes for further studies
and the differentially expressed genes identified in this study should be further
investigated. Since our study used whole roots it is important that future studies investigate
the expression of candidate genes in specific areas of the root during development. This
can be accomplished by hybridizing labeled probes (candidate genes) to root tissue prints
at several stages of development. This strategy should give a clear indication of where in
the root the specific candidate genes are being expressed and should make it possible to get
a clearer understanding of the pathways involved. Furthermore, expression of candidate
genes should be investigated at several time points during storage root development,
including the very important storage root initiation stage. One should however not loose
sight of the fact that environmental factors have a large effect on the development of
storage roots and that these aspects also warrant study.
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The same protocols previously developed were used to compare gene expression
between “Jewel” and its’ spontaneous mutant, “White Jewel”. This mutant produces βcarotene only in some parts of the root. From the microarray results we concluded that it is
probable that the mutation that causes this phenotype is affecting chromoplast
development. However this needs to be confirmed using light or electron microscopy. It is
interesting to note that although orange-fleshed sweetpotato is widely promoted as a
source of β-carotene for developing countries, only four genes in this pathway have been
isolated in sweetpotato. Even more surprising is that virtually no research has been done
on chromoplast development in sweetpotato, although various studies have indicated that
plastid development is an essential element of β-carotene synthesis and storage. It is
essential that efforts to isolate all the genes in the β-carotene pathway continue, and that
research is initiated to study chromoplast development in sweetpotato roots. White-fleshed
mutants also exist for other cultivars, including Beauregard and these should also be
included in future studies.
The final study involved monitoring gene expression in sweetpotato after infection
with the causal agents of sweet potato virus disease (SPVD), Sweet potato feathery mottle
virus (SPFMV), and Sweet potato chlorotic stunt virus (SPCSV). Pair-wise comparisons
were made between gene expression of virus-tested plants, plants infected with SPFMV
alone, plants infected with SPCSV alone and plants infected with both SPFMV and
SPCSV. A slightly different experimental design was used for this study. Six replicates
were used, but all replicates were biological replicates and individual plants were used
instead of pools. Since we were dealing with plants that were graft inoculated we expected
larger variation between biological replicates, so technical replicates were omitted in order
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to make it possible to include more biological replicates. In addition, the arduous nature of
graft inoculation meant that using large pools of independent samples, as in previous
studies, was not an option. Therefore single plants were used. The loop design was used,
but since there were four treatments, six small, independent loops, instead of one large
loop, were employed. Comparison of results with Q-RT-PCR results, as well as prior
knowledge of some of the effects of SPVD affection confirmed the validity of the results
obtained. Differential expression was observed for various defense related genes, some upregulated and some down-regulated. Very few genes were differentially expressed between
single infections and virus tested plants, whereas more than 200 genes were differentially
expressed between plants affected with SPVD and virus-tested plants. Future expression
studies should also include the common strain of SPFMV, since it is known that this strain
does not cause typical SPVD symptoms, even though an increase in titre is observed. It
would also be useful to monitor gene expression at several time-points after infection in
order to observe changes in expression during the development of the disease. Ideally one
would like to use an array enriched for genes involved in response to viruses, meaning the
library used to make the array should originate from plants infected with different virus
combinations. Since researchers will not have access to an array representing the entire
sweetpotato genome for the foreseeable future, this option increases the probability of
having essential genes involved in virus response represented on the array. Whether this is
possible will depend on the funding available for the construction of such an array.
Currently there is no consensus on general protocols for microarray experiments.
The protocols described in this study yielded valid results in our studies, but other
protocols exits that would no doubt also yield legitimate results. One aspect that deserves
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attention is the isolation of RNA from sweetpotato, especially the storage roots. I used two
consecutive extractions with the Qiagen kit to obtain good quality RNA. This might seem
like overkill, but due to the latex and high starch content of roots, it is more difficult to
obtain good quality RNA from sweetpotato than many other crops.
I used the aminoallyl labeling protocol from TIGR to label RNA, with good results,
but others have also used direct labeling with good results. Whatever method is chosen, I
highly recommend that labeling efficiency be evaluated by measuring fluorescent
emissions on a spectrophotometer before hybridization. This will make it possible to see
whether the different samples were labeled with approximately equal efficiency. As a
general observation I recommend that researchers use commercial kits instead of making
up their own reagents. The uniform quality of commercial kits leads to more uniform
results, which makes the extra cost worthwhile.
In our case it was not possible to use commercial arrays, since none exist for
sweetpotato, but if there are commercial arrays available for the crop of interest I highly
recommend their use. This is not only because the commercial arrays themselves are
usually of superior quality, but also because the gene and functional annotation of the
features on the arrays are superior. In addition, most peer-reviewed journal now requires
that mircoarrays results be submitted to a public database (e.g. GEO) and this process is
simplified if one uses commercial arrays.
All the research in this study is restricted by the small size of the current
sweetpotato array. Since only a small percentage (probably less than 10%) of the total
sweetpotato genes are represented on the array, many genes that are differentially
expressed could not be detected since they were not represented on the array. In spite of
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this limitation, the research presented here represents the most extensive gene expression
study in sweetpotato to date.
I make the following recommendations for future microarray research on
sweetpotato.
1.) Development of a more representative sweetpotato microarray should be a
priority. The second-generation sweetpotato array should contain ~15,000 unique
genes. That will put the array on par with the arrays available for other crops.
2.) If a second-generation array is developed it would be essential for the
collaborators to set up a universal database with annotation information about the
features on the array.
3.) The experimental designs described in this study should be applicable to many
future studies. However researchers need to look carefully at each study and
determine what would be the most appropriate experimental design for their
experiment.
4.) If the number of replicates that can be used per treatment is limited, it is
advantageous to use biological replicates and omit technical replicates. Although I
did not carry out a specific experiment to examine this aspect of microarrays,
general consensus has been reached in the microarray community, that biological
replicates are preferred.
5.) The Linear Models for Microarray Data (limma) software is a useful tool for
statistical analysis of microarray experiments. This R-based software package is
extremely powerful and flexible, but still user friendly enough that biologists with
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an understanding of basic statistical principles can apply it. In addition the GUI
allows a point-and-click interface for less complicated experimental designs.
Finally, I encourage other researchers to make use of microarray technology to
shed light on their specific research topic. Arrays are becoming available publicly for more
and more crops, eliminating the need for every research group to develop their own array.
This should make it possible for most molecular biology laboratories to implement this
technology without the huge cost and effort associated with printing arrays locally. The
use of microarrays is now within the reach of many research programs.
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